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Abstract 
The aim of this PhD project was to optimise sampling and measurement systems in the iron 
ore operations of Luossavaara Kiirunavaara AB (publ) (LKAB), using concepts and methods 
from the Theory of Sampling (TOS). The main objectives included critical evaluation of 
current and alternative sampling and measurement systems, development of new 
approaches as well as implementation of selected improvements. An additional objective 
was to assess if variographic characterisation is applicable and effective for continuous 
control of measurement systems in iron ore mining and processing. LKAB has been mining 
iron ore in northern Sweden for over 125 years, specialising in iron ore pellet production 
since the 1950s. Producing highly refined iron ore products require reliable and precise 
grade-, process- and quality control based on representative sampling and measurement 
systems. The Theory of Sampling (TOS) is a complete theoretical foundation for enabling 
design and implementation of accurate and precise measurement systems in process 
industries and in other settings. TOS provides both practical solutions for correct (accurate) 
sample extraction and comprehensive empirical evaluation methods for assessment of total 
measurement system performance. In this study, TOS principles have been applied in the 
studies of important measurement systems in LKAB mining and mineral processing 
operations in Kiruna and Svappavaara. By evaluation of measurement system variability in 
relation to true process variability, comprehensive quality assessments have been 
performed, allowing to determine if measurement systems are fit-for-purpose or need 
improvement or replacement. Results from the PhD project show that empirical studies of 
material heterogeneity as well as measurement and process variability are critical success 
factors for evaluating if sampling and measurement processes are fit-for-purpose. The 
empirical results both support and transgress conventional TOS understandings regarding 
the representativity of e.g. open pit mine drill sampling, hammer samplers, manual grab 
sampling and slurry samplers. It has been shown that variographic characterisation, 
replication and duplicate experiments are powerful empirical approaches that can generate 
valuable information regarding measurement system performance. These methods provide 
numerical evidence that enables objective evaluation, in contrast to traditional visual 
inspection which is mainly based on engineering knowledge and assumptions. In summary, 
sampling processes conforming to TOS regulations are crucial to ensure that reliable 
measurement results are obtained and that valid decisions can be made. Furthermore, each 
sampling and measurement system needs to be evaluated in its specific application, with 
appropriate empirical methods, to allow for unbiased and objective determination of its 
performance. 
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Resume (Danish) 
Dette Ph.d.-projekts formål er at optimere prøvetagnings- og målesystemer i forbindelse 
med processering af jernmalm ved Luossavaara Kiirunavaara AB (publ) (LKAB), ved hjælp af 
koncepter og metoder fra Theory of Sampling (TOS). De overliggende formål er: i) kritisk 
evaluering af de nuværende samt alternative metoder for prøvetagning og proces måling, ii) 
udvikling af nye tilgange og iii) implementering af udvalgte forbedringer. Desuden ønskes en 
vurdering af muligheden for anvendelse af variografisk karakterisering for kontinuerlig 
kontrol af målesystemer i forbindelse med jernmalm udvinding og processering. LKAB har 
udvundet jernmalm i det nordlige Sverige i over 125 år, og har siden 1950’erne specialiseret 
sig indenfor produktion af højtforarbejdede pellets. For at kunne producere sådanne 
produkter kræves der nøjagtig og pålidelig information og kontrol af koncentrationer, 
processer og kvalitet – som må basere sig på repræsentativ prøvetagning og måling. Theory 
of Sampling (TOS) er en fuldstændig teoretiske grundlag der bl.a. gør det muligt at designe 
og implementere nøjagtige og præcise industrielle proces målesystemer. TOS beskriver også 
praktiske løsninger for korrekt (retvisende) prøvetagning og har endvidere omfattende 
faciliteter for empirisk evaluering med henblik på overvågning og kontrol af 
målesystemernes effektivitet. I dette projekt er TOS principper blevet anvendt på de 
vigtigste industrielle målesystemer der er i anvendelse i Kiruna og Svappavaara. Gennem at 
sammenligne målesystem udsving med de underliggende processers sande variationer har 
det været muligt at gøre kvalitetsvurderinger som igen har gjort det muligt at gradere 
udvalgte målesystemer, enten som fit-for-purpose, eller at det er nødvendigt med 
forbedringer eller udskiftning. I denne sammenhæng påviser Ph.d. projektet at det er en 
kritisk succesfaktor at gennemføre empiriske karakteriseringer. De praktiske 
undersøgelsesresultater både understøtter, men er også i delvis modstrid med TOS 
konventionelle paradigmer vedrørende repræsentativ prøvetagning i dagbrud og industrielle 
processer vedrørende borekerner, hammer prøvetagere, manual enkelt-prøve udtagning 
(grab sampling) og slurry prøvetagning. Projektet har påvist at variografisk karakterisering, 
duplikat- og replikat eksperimenter udgør nødvendige empiriske tilgange for at kunne 
tilvejebringe den nødvendige information angående proces målesystemer. Disse 
evalueringsmetoder producerer kvantitativ, objektiv information i modsætning til 
konventionel visuel inspektion, som hovedsagelig er baseret på standard antagelser og 
erfaringer. Sammenfatningsvist konkluderer projektet at det er bydende nødvendigt at alle 
prøvetagnings processer er i fuld overensstemmelse med TOS’ krav for at kritisk vigtige 
industrielle måleprocesser kan levere de pålidelige data, der er nødvendige for korrekt 
beslutningstagen. Det er et ufravigeligt krav at alle prøvetagnings- og målesystemer bliver 
evalueret i den relevante industrielle praksis, og med de relevante evalueringsmetoder, for 
at proces og produkt kvalitetskontrol kan dokumenteres at være objektiv og retvisende. 
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1. Introduction 
This chapter presents an introduction to the PhD project, including a brief background of iron 
ore mining and processing at LKAB and the prerequisite of representative measurement 
systems for accurate and precise process control. The scope and objectives of the PhD 
project, i.e. the incentive for the case studies conducted and appended, are also presented. 
1.1 Iron ore mining and processing 
Iron is the fourth most abundant element in the earth’s crust, where the majority is bound in 
silicate minerals. As the energy needed to separate the iron from these minerals is high, the 
economically viable ore deposits mined today mainly contain the rarer iron oxide minerals 
hematite and magnetite, for which the refining costs are much smaller. 
In 1642, iron ore was first discovered in the northern parts of Sweden. The magnetite iron 
ores in Malmberget and Kiruna are mined by Luossavaara Kiirunavaara limited company 
(LKAB), founded in 1890. LKAB inaugurated their first pelletizing plant in 1955, and the core 
business today is to produce highly processed iron ore products that create added value to 
customers, Figure 1. The major and most important products for LKAB are sintered iron ore 
pellets for blast furnace and direct reduction steel-making (https://www.lkab.com/en/). 
The process of sorting, concentrating and pelletizing the mined iron ore, to high quality 
sintered pellets, requires reliable process- and quality control throughout the complex value 
chain. One key feature for successful control of the refining processes is to utilize 
measurement systems that are fit-for-purpose for their intended application. As in many 
other process industries, representative sampling processes is one of the critical success 
factors for obtaining desired product quality that meet customer demands.  
 
Figure 1. LKAB’s newest and largest pelletizing plant in Kiruna (photo: Fredric Alm) 
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1.2 Sampling and process control 
Samples are extracted, and measurements are performed, throughout the value chain of 
LKAB iron ore operations. Measurements stem from physical sample extraction combined 
with manual laboratory analysis, on-line sensor measurements as well as fully automated 
sampling and analysis facilities including robotic laboratories. A key factor in all process 
measurement systems is sampling, no matter if the measurements include physical sample 
extraction or pointing a sensor to an analytical volume in the process stream (Esbensen and 
Paasch-Mortensen 2010). Measurement systems are applied to all types of sub-processes 
and to vastly different materials in modern iron ore processing plants: from large pieces of 
broken ore and tailings on conveyor belts, to finely ground pellet concentrates and additives 
in slurry pipes and blender tanks, to filtered pellet feed, iron ore green pellets and sintered 
iron ore pellets on conveyor belts (Holmes 2010). A common denominator for process 
measurement systems is that analytical results are produced at regular intervals and are 
affected by variabilities stemming from both sampling of the heterogeneous materials 
involved, sample preparation and analysis. If variabilities from the measurement system 
become too large, the apparent process variation intended to be monitored, will not be 
observable with sufficient clarity and possibilities for successful process control diminishes.  
Representative measurement systems are critical to optimize resource utilisation, maximize 
profitability, minimize financial risk and reach desired quality of final product (Holmes 2010). 
Representative measurement results can only be obtained when sampling and analyses are 
both sufficiently accurate and with acceptably high precision (i.e. low variability). This enable 
true process variations to be detected and managed with sufficient reliability. All sampling 
processes generate sampling errors that can only be eliminated, or minimized, through an 
understanding of how and why they occur (Esbensen and Paasch-Mortensen 2010, Gy 1998, 
Pitard 1993). The Theory of Sampling (TOS) presents a complete framework for how to 
eliminate the so-called Incorrect Sampling Errors (ISE) and minimise the magnitude of the 
remaining error effects called Correct Sampling Errors (CSE). 
A powerful statistical tool for evaluation of the variability of both the process and 
measurement systems is the variographic approach. Variographic characterisation, in 
contrast to Statistical Process Control (SPC), enables quantification of the various sources of 
variability (including measurement uncertainty) as well as optimisation of sampling and 
analytical protocols (Minkkinen and Esbensen 2014, Minnitt and Esbensen 2017, Minnitt and 
Pitard 2008). Variographic characterisation can be applied to available process data, 
historical data and experimental data produced for specific evaluation of existing or 
alternative measurements systems.  
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1.3 Scope of present study 
The aim of this PhD project was to optimise the sampling and measurement systems 
throughout the entire mining-to-final product value chain at LKAB. From blast hole drill 
sampling in the open pit mines, through process sampling in the refining processes, to 
customer sampling during ship loading of final products. One objective of the study was to 
use variograms to characterize all present sampling, measurement and process variabilities, 
to enable assessment of the complete measurement system performance. Variographic 
characterisation was applied to both existing process data and data from directed 
intervention experiments where further investigation was needed. Data analysis and 
interpretation focused on finding the root causes of variability at all levels in LKAB’s iron ore 
operations and by employing concepts from TOS, necessary improvements could be 
recommended and implemented. An additional objective of the study was to assess if 
variographic characterisation is generally applicable and effective for continuous control of 
measurement systems in iron ore mining and processing. 
This PhD project focused on producing state-of-the-art research conclusions concerning 
critical sampling and measurement systems in iron ore operations, to develop new 
approaches where necessary, as well as implementing practical improvements to existing 
measurement systems identified during the study. The study included measurement systems 
used in open pit mining, refining and pelletizing processes, as well as environmental surface 
water sampling at the LKAB iron ore operations in Kiruna and Svappavaara, Sweden. The 
seven appended papers links to the LKAB value chain as shown in Figure 2. Note that the 
underground mining operations in Kiruna and Malmberget are important parts of the LKAB 
value chain, producing approximately 85-90% of the crude ore for the processing plants. 
However, the grade control of the underground mining operations is not covered by this 
PhD study. 
Figure 2. Link between iron ore operations in the LKAB value chain and the appended papers 
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2. Theoretical background 
This chapter presents a comprehensive theoretical background regarding the LKAB iron ore 
operations and the Theory of Sampling, including in depth descriptions of both open pit mine 
drill sampling and process sampling. Furthermore, the applied methods for evaluation of 
measurement system performance are described. These theories have been used in the case 
studies of this PhD project, which were performed in order to reach the objectives presented 
in chapter 1. 
2.1 LKAB Iron Ore operations 
LKAB have been mining iron ore in the north of Sweden for more than 125 years. Since the 
mid-1950s, the competitive advantage has been production of sintered iron ore pellets for 
blast furnace and direct reduction steel-making, Figure 3, to create added value for 
customers. LKAB operates underground mines in Malmberget and Kiruna and open-pit 
mines in Svappavaara. Processing plants for refinement and pellet production are located at 
all three mine sites and the final products are transported by railway to the harbours in Luleå 
and Narvik. There are some differences between the processing plants in Kiruna and 
Svappavaara compared to Malmberget. As the case studies within this PhD project were 
performed in Kiruna and Svappavaara, these production processes are described in detail, 
while the operations in Malmberget are described in more general terms.  
Figure 3. LKAB iron ore pellets for direct reduction steel making (photo: Fredric Alm) 
LKAB is a small actor on the international iron-ore market but the second largest supplier of 
seaborne iron ore pellets. Europe is LKAB’s largest export market, where customers demand 
high quality iron ore pellets for blast furnace steel-making (BF-pellets). The Middle East and 
North Africa (MENA), with good access to natural gas, is the second largest market with a 
strong demand for iron ore pellets for direct reduction steel-making (DR-pellets). Apart from 
BF- and DR-pellets, LKAB also produce industrial minerals, as for example high grade 
magnetite fines used for water purification and sound proofing, as well as heavy concrete 
ballast material (https://www.lkab.com/en/about-lkab/lkab-in-brief/). 
Producing high quality products from the mined iron ore is a complex process and includes 
sorting, concentrating and pelletizing in industrial-scale processing plants. Correct process- 
and quality control in the complete value chain is critical for reaching the high product 
quality demanded by the customers. Environmental sampling, e.g. recipient surface water 
sampling, is also an essential activity for assessing, and take responsibility for the 
environmental impact of LKAB iron ore operations.  
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2.1.1 Geological Setting and Mineralization 
Kiirunavaara in Kiruna is a high-grade iron ore deposit consisting mainly of magnetite and 
apatite, with an average grade of 63.8% iron and 0.4% phosphorus (estimated from the 3D 
resource model). The deposit is a sheet-like body, north to south striking and approximately 
4 km to 4.5 km long, with a thickness of 50-100 m and a maximum of over 200 m in the 
northern part (Niiranen 2006). Common gangue minerals are apatite and minerals from the 
amphibole group. Significant SiO2-bearing minerals include actinolite (amphibole), chlorite, 
phlogopite, titanite and also some quartz (Aupers 2014, Niiranen 2015, Nordstrand 2012).  
The Leveäniemi deposit in Svappavaara is dominated by massive magnetite ore but in the 
central part of the deposit magnetite is largely altered to hematite (martite). Apatite, calcite 
and amphibole are the main gangue minerals in the deposit, while titanite, diopside, biotite 
and chlorite are less important (Bergman, Kubler and Martinsson 2001, Martinsson et al. 
2016). The massive magnetite and magnetite veins/breccias in the trachyandesites and 
biotite schist are the main ore types mined in Leveäniemi. The Malmberget deposit is a high-
grade iron ore deposit, consisting of approximately 20 separate ore bodies with an average 
iron grade of 51-61%. The majority of the ore bodies in the Malmberget ore field consist of 
magnetite, while a few in the western part host hematite or a mixture of magnetite and 
hematite. The surrounding rocks are felsic or mafic rocks of volcanic origin, often rich in 
biotite (e.g. Geijer 1930, Lund 2013, Martinsson and Virkkunen 2004).  
2.1.2 Underground mining 
LKAB operates underground mines in Kiruna and Malmberget. The underground mines host 
the main part of the mined ore reserves, contributing with approximately 85-90% of the ore 
for the processing plants. The ore is extracted using sub-level caving, Figure 4.  
Figure 4. Underground mining at LKAB, using sub level caving (reprinted with permission: 
https://www.lkab.com/en/about-lkab/from-mine-to-port/mining/our-underground-mines/) 
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Sub-level caving is allowing maximum extraction from the ore body, with a high degree of 
safety, for the steep LKAB ore bodies. Mining includes drifting of underground tunnels, 
production drilling in an upward fan-shaped pattern followed by loading of explosives and 
blasting, which is performed every night. The ore is removed using loaders, tipped into 
vertical shafts that use gravity to move the ore to rock bins, and then transported to 
underground crushers by driverless trains (Kiruna) or large trucks (Malmberget). After 
crushing, the ore is conveyed to skip hoists lifting up to 40 tonnes of ore per skip, at a speed 
of 17 metres per second, to the sorting plants on the surface, (https://www.lkab.com/ 
en/about-lkab/from-mine-to-port/mining/our-underground-mines/). 
2.1.3 Open-pit mining 
LKAB is currently (2018) operating one open-pit mine in Svappavaara, contributing to 
approximately 10-15% of the iron ore for the processing plants. The open-pit mining uses 
diamond drilling for initial exploration and block model development, while blast hole 
drilling is used for extended grade control and blasting. After blasting, loaders are used to 
load the ore on to large trucks that transport it to intermediate storage areas. 
(https://www.lkab.com/en/about-lkab/from-mine-to-port/mining/our-open-pit-mines/). 
The ore is blended to reach consistent quality into the sorting plant, which is critical for both 
optimized process performance and final product quality. Blast hole drill sampling for grade 
control is an important aspect for achieving desired iron grade in the ore blend for the 
sorting plant. Apart from iron grade, vanadium, manganese and silica grade are also 
important parameters in the open-pit mine grade control  
2.1.4 Sorting 
The sorting plant is the first plant of the ore processing value chain, Figure 5. The ore is 
crushed in cone crushers and waste rock is removed using magnetic separation. Sieving is 
used to divide the ore into three different size fractions and slightly different magnetic 
separation equipment is applied for the various sizes to increase grade and recovery. The 
largest size fractions are collected as grinding media for the autogenous grinding plant. 
Autogenous mills use larger rocks of ore as grinding media, to achieve compressive grinding 
of finer ore particles (https://www.lkab.com/en/about-lkab/from-mine-to-
port/processing/sorting/). 
Figure 5. Schematic overview of the LKAB mineral processing value chain (reprinted with 
permission: https://www.lkab.com/en/about-lkab/from-mine-to-port/processing/) 
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Important measurement systems in the sorting plant address determination of iron grade of 
both incoming ore and outgoing final products in transport to the concentrating plants. Iron 
grade of the tailings is also measured to ensure that the magnetic separation is working 
satisfactorily, i.e. that material with high iron grade is not separated as waste and removed 
from the process. 
2.1.5 Concentrating 
The sorted and crushed material is conveyed to the concentrating plant, where it is mixed 
with water to form a slurry and finely ground in two or three stages. In between all grinding 
stages, magnetic separation, Figure 5, is used to remove gangue minerals containing 
impurities like silica, sodium, potassium and phosphorus. Magnetic separation increases the 
iron grade of the ore to around 68%. Flotation of the phosphorus gangue mineral apatite is 
used for further refinement and enrichment. In this process, a reagent is added to bind the 
apatite to small air bubbles that form a froth, which can be removed from the iron ore 
slurry. There is no flotation in the concentration plants in Malmberget as the phosphorus 
grade of the crude ore in the Malmberget mine is sufficiently low. 
(https://www.lkab.com/en/about-lkab/from-mine-to-port/processing/concentration/). 
Important measurement systems in the concentrating plant concern determination of iron, 
silica and phosphorus grade in the different stages of the process. These results are used to 
control the performance of e.g. the magnetic separation for increasing iron grade and the 
flotation process for reduction of phosphorus grade. The size distribution and specific 
surface area are also measured throughout the grinding process as these are important 
parameters for successful balling in the subsequent pelletizing process.  
2.1.6 Pelletizing 
Various additives, depending on pellet type and specification, are mixed with the slurry, 
which is then filtered to reach the correct moisture content needed for balling of green 
pellets (non-sintered and non-oxidised iron ore pellets). The filtered iron ore concentrate is 
balled in large rotating drums with water and external binder as binding media, Figure 6. The 
green pellets from the balling drum are screened to separate the correct size fraction  
(10-16mm) for sintering. The under-size fraction is returned to the balling drum as seeds, 
while the over-size fraction is crushed and also returned to the drum. The circulating load is 
usually 1.2-2 times the amount of fresh feed inserted in the balling drum. A narrow size 
distribution of the finished green pellets is important for correct pellet quality, as high 
permeability is important for both oxidation and sintering of the iron ore pellets and in the 
subsequent steel making processes.  
The green pellets are loaded on to the travelling grate, that passes through the drying and 
pre-heating zones where the oxidation from magnetite to hematite starts. The pellets are 
then transferred to the rotating kiln where they are sintered at a temperature of ≈1250°C, 
causing the iron ore particles to partially melt together, Figure 6. The LKAB pelletizing plants 
in Malmberget apply a straight grate process instead of the grate-kiln process used in Kiruna 
and Svappavaara. The oxidation from magnetite to hematite generate large amounts of 
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energy, resulting in a 60% reduction of the required energy input. Lastly, the temperature of 
the red-hot pellets is lowered in the cooler, before they are conveyed to the underground 
storage and subsequently loaded on to trains for further transportation to the harbours 
(https://www.lkab.com/en/about-lkab/from-mine-to-port/processing/pelletizing/). 
Important measurement systems in the pelletizing plant include determination of moisture 
content of the filtered slurry and green pellets. Complete quality control of the final sintered 
iron ore pellets is also critically important and include several chemical, physical and 
metallurgical parameters, e.g. iron and silica grade, crushing strength, abrasion index, size 
distribution, reduction under load and degree of oxidation.  
Figure 6. left: balling drum with subsequent roller screen, right: grate, kiln and cooler for 
oxidation and sintering of iron ore pellets (reprinted with permission: Björkvall 2018). 
2.1.7 Transportation and shipping  
The final products from LKAB operations in northern Sweden are transported by railway to 
the ports in Narvik and Luleå, located in northern Norway and Sweden respectively. 
Additives are transported back with returning trains, ensuring a sustainable and efficient 
transportation system. To optimise transportation efficiency, some of the world’s strongest 
locomotives (IORE) are used to transport up to 6 800 tonnes of ore products in a single train, 
measuring 750 metres long and carries 68 wagons. When arriving at the harbour, the full 
train is unloaded in 30 minutes in advanced automated unloading stations, dropping the iron 
ore products in to underground silos. The harbour in Narvik is ice-free all year around and 
can accommodate large ocean-going vessels, Figure 7 (https://www.lkab.com/en/about-
lkab/from-mine-to-port/transport/rail-transport/). 
Two-thirds of LKAB’s exports are shipped out of Narvik, where a second quay and ship loader 
were commissioned in 2016. The harbour is deep enough to accommodate ocean going 
vessels and single shiploads of up to 220’000 tons has been delivered to LKAB customers via 
Narvik harbour. One third of exports are shipped out of Luleå harbour, which has the 
advantage of a close distance to the European customers but with a more restricted depth 
compared to the Narvik harbour. In both harbours, state-of-the-art, highly automated 
sampling and measurement systems are in use to ensure representative analytical 
measurements of customer samples for contractual purposes 
(https://www.lkab.com/en/about-lkab/from-mine-to-port/transport/harbours/).  
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Figure 7. Narvik harbour with both ship loaders in operation (photo: Johanna Fogman) 
2.1.8 LKAB process sampling and analysis 
LKAB applies a wide range of methods for primary sampling, to collect samples from the 
production processes. Sample extraction ranges from manual grab sampling, cross belt 
hammer samplers, slurry shark fin samplers and spear sampling, to state-of-the-art linear 
cross stream samplers, complemented by measurements using various on-line sensors. 
Secondary sampling and sample preparation are performed automatically by in-line systems, 
as well as manually in sample preparation laboratories. The large variety of analyses related 
to process and quality control are performed both in fully automated measurement systems 
and through manual and mechanical analyses in the in-house laboratories. 
The type of sample extraction used is largely dependent on the purpose and importance of 
the measurement system. I.e. for customer samples in the harbours (which are used for 
pricing of final products) state-of-the-art automated sampling systems, with linear cross 
stream samplers collecting a large number of increments, are in operation, Figure 8. For sub-
processes needing frequent and precise control, automated sampling and measurement 
systems are normally applied. Three examples of completely automated in-line 
measurement systems at LKAB are:  
i) Slurry sampling in the concentrating plants using shark fin or spear sampling. The 
primary sample is sub-sampled in two steps, then dried and transported by pneumatic 
dispatch to a robotic laboratory with automated grinding and briquetting. Lastly, the 
powder briquette is transported with a conveyor belt to the automated XRF analysis.  
ii) In-line size analysis is also applied in the concentrating plant, using laser diffraction to 
determine the size distribution of the ground particles in the slurry. The percentage of 
<45μm particles from this analysis is used for continuous control of the grinding process. 
iii) In-line size analysis of final iron ore pellets, in both pellet plants and harbours, employ 
linear cross stream samplers collecting increments every 3-10 minutes. Increments or 
composite samples are analysed by automated sieving machines up to every 4 minutes. 
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Some analyses are performed both on-line and in-line as described in the examples above. 
However, many analyses are also performed with a large variety of analytical equipment in 
the in-house laboratories. LKAB operates three sample preparation and physical analysis 
laboratories, two wet chemical and XRF laboratories, one metallurgical laboratory and one 
water laboratory for environmental samples. The majority of all extracted samples are 
analysed in the LKAB laboratories, while a small number of samples are sent for external 
analyses. This mainly occurs during peaks for environmental water sampling in summer and 
for some trace element analyses of water and ore that are not available in-house. 
Figure 8. Two examples of linear cross stream samplers used in the pelletizing plants and 
Narvik harbour respectively. Left: Linear sampling bucket in maintenance position outside the 
ore stream. Right: Linear sampling bucket in rest position behind the belt discharge. 
(Photo: Jonas Gunnare) 
2.1.9 LKAB environmental sampling and analysis 
In contrast to the measurement systems applied for process and quality control, recipient 
surface water sampling is performed for environmental monitoring. These measurement 
systems enable assessment and control of the environmental impact of the LKAB iron ore 
operations. According to Swedish government regulations, the environmental impact by all 
industrial operators need to be assessed and understood by the operator that has the 
obligation to report truthfully to the authorities. The environmental permit that allow LKAB 
to continue to mine and process iron ore includes specific terms and the environmental 
impact of the operation must be controlled through self-monitoring programs. These 
normally include sampling protocols that specify sampling targets, frequencies and 
specification of analytical parameters and accreditation. The self-monitoring programs vary 
between the different LKAB mine sites, for example regarding sampling frequency, due to 
the individual environmental permits for each site.  
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The Swedish authorities provide guidance regarding which methods to apply for extraction 
of surface water samples. The recommendations are in practice describing a manual grab 
sampling approach applied to sampling targets in streams or lakes, Figure 9. These methods 
are also taught through certified commercial courses.  
 
Figure 9. Surface water sampling in a recipient water stream for environmental monitoring. 
2.1.10 Monitoring and control of sampling systems 
The current monitoring and control of sampling systems at LKAB is mainly based on regular 
visual inspections. During maintenance shut downs of the processing plants, automated 
measurement systems are also subjected to regular and necessary maintenance and control. 
However, continuous statistical evaluation of sampling systems is not traditionally applied at 
LKAB. Evaluation of the performance of measurement systems, including characterisation of 
variability stemming from sampling, sub-sampling and sample preparation is thus not 
applied. In contrast, monitoring and control of the in-house laboratories follow 
comprehensive QA/QC programs, including analysis of Certified Reference Materials (CRM) 
and international inter-laboratory proficiency testing.  
To allow for objective evaluation, as well as continuous monitoring and control of complete 
measurement systems (including sampling, sample preparation and analysis), statistical 
evaluation with the use of variographic characterisation, replication and duplicate 
experiments are versatile methods. Such approaches have previously been applied in a few 
studies at LKAB. However, a comprehensive initial evaluation as well as continuous 
monitoring and control of measurement system would be favourable. These issues played an 
important role in the initiation of the present Ph.D. project.  
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2.2 Theory of Sampling 
The Theory of Sampling (TOS) was first described by Pierre Gy in the 1950s and since has 
been developed and extended to reach the level of a complete scientific theory, covering all 
aspects of sampling of particulate (and many other types of) materials (Pitard 1993). TOS 
includes comprehensive theoretical and mathematical definitions of sampling as well as 
practical applications to ensure representative sampling processes. For example, TOS  
i) provides a complete set of theoretical definitions of material heterogeneity and sampling 
variability, ii) describes correct increment delineation and sample extraction methods, iii) 
systemises nine types of sampling errors and iv) provides empirical methods for evaluation 
of sampling variability (Esbensen and Paasch-Mortensen 2010, Gy 1998, Minnitt and 
Esbensen 2017, Pitard 1993). 
The practical purpose of sampling is to collect a small part, e.g. one gram for chemical 
analysis, of the lot to be assessed, e.g. a 220 000-ton shipload of iron ore pellets. The not so 
trivial aspect of this process is to ensure that the small analytical aliquot is representative of 
the total lot, e.g. that the measured iron grade is a reliable estimate of the average grade of 
the shipload of pellets. Hence, representative sampling processes are imperative, both for 
allowing correct grade determinations for commercial purposes and for valid process 
monitoring and control (Holmes 2010). There is no characteristic pertaining to the sample 
itself that can determine the status of representativity. Therefore, the only way to guarantee 
representative samples is to ensure that the complete sampling and measurement process, 
including primary sample extraction, sub-sampling, sample preparation and analysis, is 
representative (Esbensen and Paasch-Mortensen 2010). With comprehensive knowledge 
and application of TOS, all necessary tools for designing representative sampling processes 
are at hand (Gy 2004). 
Sampling does not just involve one discrete operation but is a multi-stage process, Figure 10. 
The initial stage of the sampling process is the primary sample extraction from the lot. In 
addition, this process most often includes additional sampling stages (mass reduction/ 
sub-sampling). In between and/or after these sampling stages, sample preparation can be 
performed where needed. Preparation may include e.g. drying, crushing, grinding and/or 
dissolution. The sampling process results in one or several analytical aliquots with 
appropriate mass and properties for insertion in the analytical equipment.  
Figure 10. Sampling is a multi-stage process involving several sampling stages as well as 
necessary sample preparation. 
   
Analytical aliquot 
Primary sample Secondary sample Lot 
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2.2.1 Basic definitions and terms 
For a comprehensive understanding of TOS, some important basic definitions and terms are 
described here (DS 3077 2013, Esbensen and Wagner 2014, Gy 1979, 1998, Pitard 1993).  
Accuracy: Defined as the mean of the selection error. When the absolute value of the 
selection error is not larger than a predetermined threshold, the sample can be deemed 
accurate. There is an important distinction between an accurate and unbiased sample. A 
truly unbiased sample would imply that the mean of the selection error is zero, which is a 
limit case not possible in practice. The selection error is never strictly zero but may be 
negligible, leading to an accurate (but not unbiased) sample, with a fit-for-purpose accuracy. 
Analytical aliquot: The final (often very small) sample that is inserted in the analytical 
equipment and used for quantifying the critical component.  
Composite sample: A sample made up of several correctly extracted, individual increments. 
Correct increment/sample selection: When all elements or particles of the lot have equal, 
non-zero probability of ending up in the sample. Correct increment/sample selection is 
essential in order to avoid an uncontrollable sampling bias.  
Critical component: A chemical, physical or metallurgical component of which the 
proportion is to be measured. The component presenting most problems or restrictions 
should determine the parameters of the sampling process for all critical components to be 
measured of the lot. Can also be called analyte. 
Fragment: Generic term for the smallest physically separable unit of the lot, e.g. particles, 
grains or fragments hereof.  
Fundamental Sampling Principle (FSP): The basic prerequisite for a representative sampling 
process, stating that all elements or particles of the lot should have an equal and non-zero 
probability of being selected for the sample. Elements or particle not belonging to the lot 
should have zero probability of being sampled. FSP stipulates that the target for sampling 
must be the complete geometry/volume of the lot. The selected elements or particles 
should not be altered in any way after the increment/sample has been collected (see 2.2.3).  
Heterogeneity: Homogeneity is defined as all elements of the lot are strictly identical, while 
heterogeneity is when all elements of the lot are not identical. All particulate materials in 
technology and industry are by this definition heterogeneous, affected by a combination of 
several kinds of heterogeneities (see 2.2.2). 
Increment: A correctly delineated sampling unit that combined with other increments form 
a composite sample. In practical sampling, an increment is a correctly extracted group of 
spatially coherent fragments. The increment is extracted during a single operation of the 
sampling device.  
Lot: The complete entity of original material being targeted for sampling, e.g. a shipload, 
process stream, 24h of produced iron ore pellets or an ore block in the open pit. The lot, also 
termed sampling target, refers to the physical characteristics and geometrical form (lot 
dimensionality) of the material, as well as to the total volume or mass.  
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Lot dimensionality: In practice, all lots are three dimensional. However, in practical 
applications, one or two of these dimensions can be significantly smaller than the third and 
can hence be regarded of secondary importance. The dimensionality of the lot can therefore 
also be defined as the effective number of dimensions of the material to be dealt with 
during practical sampling. TOS defines four possible lot dimensions, i.e. 0D, 1D, 2D and 3D 
lots, Figure 11.  
Figure 11. Visualisation of the four lot dimensionalities defined by TOS (printed with 
permission: © Maria Björkvall 2018).  
The fewer lot dimensions, the easier it is to design and execute a representative primary 
sampling operation. The 0D lot is a special case where the material can be easily mixed and 
manipulated without undue effort, and therefore also sampled with complete correctness. 
This is usually the case for small lots, e.g. laboratory samples or analytical aliquots. 3D lots 
are (in contrast to 0D lots) large and therefore cannot be mixed or manipulated without 
invoking significant, often unacceptable efforts, time and resources. However, 3D lots can be 
sampled to fit-for-purpose representativity, using various implementation of composite 
sampling, manual or automated. Examples of 3D lots are railroad cars, trucks, large 
stockpiles and similar. In 2D lots, one dimension is limited in such a way that correct, 
practical increment extraction will always cover the complete extension of that dimension, 
e.g. a bench depth in an open pit mine (constant depth) or a geological formation (variable 
depth).  
 
0D 2D 
1D 3D 
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1D lots are preferred to maximise the possibilities of extracting representative samples. This 
either refers to a stationary elongated pile or a dynamic (moving) process stream, where two 
dimensions can be completely covered by extracting full cross-stream increments to form a 
composite sample. The third dimension is by definition substantially larger than the width 
and depth dimensions of a 1D lot. Appropriate sampling schemes can be used to cover the 
length of material in a representative fashion. Moving 1D transformations of 3D lots is the 
preferred, most often used approach, for acceptable sampling of large 3D lots in technology 
and industry. This is known as the principle of lot dimensionality transformation. 
Precision: Defined as the variance of the selection error. Describes the reproducibility of a 
measurement and is a property of the variance of a given error. A measurement is deemed 
precise or reproducible when the variance of the selection error is lower than a 
predetermined threshold for a given purpose. 
Representative sampling: A sample cannot by itself be deemed representative by any 
attribute. A representative sample can only occur as a result of a representative sampling 
process. Representative sampling is a multi-stage process where all fragments and/or 
increments have equal probability of being selected in every sampling stage to end up in the 
analytical aliquot. Representative sampling implies that the sampling process is both 
accurate and sufficiently precise.  
Sample: A part of the lot, extracted using a representative sampling process. This means that 
the sample needs to be positioned, delimited and extracted in accordance to certain rules 
defined by TOS. A sample is normally obtained by extracting several increments to create a 
composite sample. A complete sampling procedure most often includes several stages, 
where all stages must comply to the rules defined by TOS.  
Sampling bias: The sampling bias is defined as the mean of the sampling error. Non-accurate 
sampling processes will lead to an uncontrollable sampling bias. The sampling bias is 
different every time a set of increments (composite sampling) are extracted from the lot 
(due to the heterogeneity of the lot material) and it does not follow any statistical 
distribution. This means that it is impossible to quantify or correct for a sampling bias after 
the sample is extracted. The sampling bias stems from non-eliminated Incorrect Sampling 
Errors (ISE) and can only be sufficiently minimized by applying TOS correct sampling 
processes (see 2.2.3). The nature of the sampling bias is therefore completely different from 
that of an analytical bias, which often is systematic and can be corrected for. 
Sampling protocol: A flowsheet or description of the sampling method, the frequency of 
sampling and the sequence of sampling and preparation stages applied to a lot of material. 
Resulting in one or several samples used for estimating critical components of the lot.  
Sampling error: The relative sampling error, or selection error, occurs when the true, 
unknown grade of the lot is replaced by the estimation of the grade, e.g. the measured 
grade of a sample. 
Specimen: A part of the lot obtained without respecting the rules for correct delimitation, 
extraction, preparation and weighting set by TOS. A specimen results from a biased sampling 
operation and can therefore never be accurate or representative of the lot.  
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2.2.2 Heterogeneity 
Heterogeneity is a basic structural property of almost all materials in technology and 
industry and cannot be ignored in processing industries. Quality assessment of products, 
research and development or feasibility studies of process improvements all need to account 
for the heterogeneity of materials, e.g. when extracting samples, evaluating raw materials 
and designing or evaluating production processes. Process- and quality control as well as 
research and development in process industries are all concerned with estimates of critical 
constituents of one or another lot material. These estimates are always accompanied by 
uncertainties stemming from the sampling and analytical errors (Esbensen and Paasch-
Mortensen 2010). 
Sampling errors exist due to the inherent material heterogeneity present in almost all 
materials. There are a few types of materials that can be more or less exempt from this 
statement, including fine or pure chemicals, reagents, powders and liquid solutions. 
Examples include correctly prepared Certified Reference Materials (CRM) and liquid 
solutions within analytical chemistry applications, where the normal sampling problems are 
practically absent (Esbensen and Paasch-Mortensen 2010). However, most industrial 
sampling processes are applied to materials that are heterogeneous at one scale or another. 
The heterogeneity of a material is a direct consequence of the different size, shape, density, 
grade and other properties of the fragments and their spatial distribution in the lot (Pitard 
1993). The inherent heterogeneity of the material can be discriminated at two scale levels, 
i.e. the Constitutional Heterogeneity (CH) and the Distributional Heterogeneity (DH). 
CH is described by the intrinsic differences in physical and/or chemical properties between 
the fragments in the lot. As CH is dependent on the differences between fragments, at the 
current state of comminution, i.e. the current size distribution, mixing does not affect CH (Gy 
1998). In the ideal case of homogeneity, i.e. where all fragments of the lot are strictly 
identical, CH would be zero. Even though this case can be theoretically defined, it is never 
present in natural material subjected to sampling (Gy 2004). The main concern in practical 
sampling is the heterogeneity between fragments rather than within fragments, and this is 
directly related to the grade of the critical component (ai) of interest. To enable definition of 
CH of a lot, it is first necessary to define the heterogeneity (hi) carried by a fragment in the 
lot (L). This is a function of the fragment weight (Mi), where aL is the grade of the lot, 𝑀𝑀𝚤𝚤̅ is 
the average fragment weight, NF is the number of fragments in the lot and ML is the mass of 
the lot, Equation 1 (Pitard 1993).  
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The Constitutional Heterogeneity of the lot (CHL) is hence defined as a dimensionless 
variance of the heterogeneity carried by each fragment of the lot, Equation 2. 
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DH is described at a higher scale level as the differences between groups of fragments 
(e.g. increments) of the lot. DH is the main material characteristic to deal with during 
practical sampling as this necessarily involve extraction of increments from the lot. DH is 
defined through the heterogeneity carried by the effective groups of fragments (or similarly, 
carried by the average fragment in a group) in the lot (hn), Equation 3 (Pitard 1993), where an 
is the grade of the group of fragments, Mn is the mass of the group of fragments, Mn���� is the 
average mass of the group of fragments, NG is the number of groups and ML is the mass of 
the lot.  
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The Distributional Heterogeneity of the lot (DHL) is hence defined as a dimensionless 
variance of the heterogeneity carried by each group of fragments of the lot, Equation 4. 
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DHL and CHL are intimately linked as DHL always is a fraction of CHL. Therefore, by definition 
CHL will always be larger or equal to DHL. In the ideal case where DHL = CHL, each group in 
the lot is made of only one particle, or of several particles with identical critical content (Gy 
1979). In the ideal case where CHL is equal to zero, DHL will consequently also be eliminated. 
DHL can also theoretically be zero if the distribution of the groups of fragments in the lot is 
perfectly homogenous. However, there does not exist materials in science, technology or 
industry where this is the case. The primary role of a representative sampling process is to 
counteract DHL, e.g. by employing composite sampling. 
2.2.3 Sampling correctness 
Sampling correctness is a fundamental requirement for allowing representative ore grade 
determination, effective process- and quality control, and valid feasibility studies (Pitard 
1993). Only correct sampling processes can lead to representative samples, a prerequisite 
for reaching reliable conclusions from the analysis of extracted, composited and divided 
samples (Petersen et al. 2005). The Fundamental Sampling Principle (FSP) defined by TOS, 
states that all particles of the lot should have equal and non-zero probability of being 
extracted, in both the primary and all subsequent sampling stages. FSP stipulates that all 
virtual increments shall have an equal probability to be sampled. Furthermore, the integrity 
of the extracted increments/samples should always be fully respected, so that it is not 
contaminated in any way, nor affected by spillage, evaporation or other changes (Gy 2004).  
Any sampling process will be associated with sampling errors (leading to sampling bias 
and/or uncertainties), meaning that the estimated grade of a sample will never be exactly 
equal to the true grade of the lot. The deviation of the sample grade (as) from the true grade 
(aL) is defined as the relative sampling error (e), Equation 5. 
𝑒𝑒 =  
𝑎𝑎𝑠𝑠 − 𝑎𝑎𝐿𝐿
𝑎𝑎𝐿𝐿
                                                                                                               (5) 
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A sampling process is deemed accurate if the average relative sampling error (me) is below a 
predetermined low threshold. For the sampling process to be rated as reproducible, or 
sufficiently precise, the variance of the relative error (𝑠𝑠𝑒𝑒2) should similarly be below a 
predetermined acceptance threshold. A sampling process can only be defined as 
representative when both these conditions are met, i.e. that the sample extraction is both 
accurate (the sampling bias is negligible or sufficiently small) and precise (the sampling 
variability is sufficiently low). The random part of the sampling error can often be reduced by 
for example increasing the sample mass, or by extracting a larger number of increments 
(composite sampling). However, the only way to ensure an accurate sampling process is to 
eliminate all bias-generating sampling errors, which can always be achieved by designing a 
TOS correct sampling process (although this may sometimes involve a considerable effort). 
In practical sampling, the application of correct sampling processes is most easily achieved 
when extracting samples from 1D lots. Therefore, the primary objective when designing a 
sampling protocol is to identify a sampling location where the lot structure is one-
dimensional, rather than for example three dimensional. Hence, it is preferable to sample 
the lot on a conveyor belt before it is transferred to a storage or stock pile, or in a pipeline 
before or after a slurry is transferred to a blender tank. In addition, the increment extraction 
should preferentially be realised at a transfer point, where the lot material is free falling and 
a complete cross section is easily accessible. Extracting complete cross sections of the lot to 
be sampled, at regular time or mass intervals, is a practical way of respecting the FSP.  
2.2.4 Sampling errors 
All sampling operations are error-generating processes (Gy 1979), subjected to nine types of 
sampling errors defined by TOS, Figure 12, (Esbensen and Paasch-Mortensen 2010, Pitard 
2009). An error is defined as the difference between an observed/measured value and the 
true lot value, i.e. variations in measurements due to mistakes or uncontrollable factors. In 
contrast, uncertainty (the term most often used in statistics) is defined as lack of sureness, 
i.e. something that is not constant or include variation (Pitard 2009).  
TOS describes both sampling errors leading to sampling bias if not eliminated, and sampling 
uncertainties leading to inflated variability if not minimized, but deliberately defines all of 
these as sampling errors. Even though all sampling errors are not literally mistakes, the word 
error has been retained for the sake of simplicity and to enforce the importance of handling 
all sampling errors to achieve representative sampling processes (Gy 1979, 1998).  
Sampling errors are a consequence of the interaction between the sampling process and the 
heterogeneity of the material to be sampled. The sampling errors will, if not sufficiently 
eliminated and/or minimized, result in critically biased samples with unnecessarily inflated 
sampling variance. The Global Estimation Error (GEE), associated with a complete 
measurement system (including sampling, sub-sampling, preparation and analysis), is the 
sum of the Total Sampling Error (TSE) and the Total Analytical Error (TAE) respectively. 
Traditionally in mining and mineral processing, comprehensive monitoring and control of 
TAE has been the main focus, while comparable knowledge and competence about TSE is 
often limited. TSE is divided in two distinct groups defined by their specific nature, Figure 12. 
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Figure 12. Classification of sampling errors according to their origin. Either stemming from 
the heterogeneity of the sampled material or from the materialisation of the sample 
increments as extracted by the sample equipment (derived from Gy 1979 and Pitard 2009).  
The Incorrect Sampling Errors (ISE) are due to wrongful delineation, materialisation and/or 
preparation of the primary increments, leading to a critical sampling bias if not eliminated. 
As material heterogeneity is not a constant or uniform property, incorrect delineation, 
extraction and/or preparation will lead to adverse and unnecessary effects. Heterogeneity is 
inherently variable, depending on the physical and chemical properties of the material as 
well as the level of mixing or segregation. Thus, a bias stemming from an incorrect sampling 
process will also be variable and can therefore not be quantified or corrected for. In practice, 
this means that non-eliminated ISE leads to sampling biases that will inflate the total 
measurement system variability unnecessarily. This variability cannot be reduced by means 
of for example increasing the sample mass, number of increments, or replicating the analysis 
(Holmes 2010). However, ISE can be eliminated by applying TOS correct sampling processes 
and correctly designed, implemented and maintained sampling equipment. ISE can occur at 
all sampling stages and hence need to be eliminated throughout the entire sampling process 
to ensure representative samples and measurement results. 
By way of contrast, the Correct Sampling Errors (CSE) are a manifestation of the 
heterogeneity of the sampled material. CSE can never be fully eliminated but should be 
minimized to allow sufficiently precise measurement results. CSE reflect how the increments 
are extracted from the lot, i.e. how the sampling equipment is designed and utilised, 
specifically to counteract the lot material heterogeneity. CSE are also present in all sampling 
stages following the primary sample extraction.  
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Non-eliminated ISE will lead to a sampling bias (non-accurate sampling), while CSE lead to an 
inflated sampling uncertainty (non-reproducible sampling) if not sufficiently minimised. 
Therefore, the only way to achieve representative, i.e. accurate and precise measurement 
results, is to apply TOS-correct sampling procedures that eliminate all ISE and sufficiently 
minimise all CSE, throughout the entire sampling process. 
Correct Sampling Errors (CSE) 
There are five CSE defined by TOS. The term correct error is sometimes considered to be 
contradictory, but the term simply refers to that these errors are the ones left after the 
incorrect sampling errors have been eliminated. The CSE need to be sufficiently minimized to 
achieve representative samples but will always contribute with some level of uncertainty to 
the final measurements (in addition to the analytical uncertainty). CSE consists of the 
Fundamental Sampling Error (FSE), the Grouping and Segregation Error (GSE), the two 
heterogeneity fluctuation errors related to long-range trend variations (CE2) and periodic 
variations (CE3) respectively, and the In-Situ Nugget Effect (INE), equation 6.  
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐹𝐹𝐶𝐶𝐶𝐶 + 𝐺𝐺𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶2 + 𝐶𝐶𝐶𝐶3 + 𝐼𝐼𝑁𝑁𝐶𝐶                                                             (6) 
FSE and GSE are present in all practical sampling situations for all lot dimensionalities. 
However, CE2 and CE3 are reflecting longitudinal heterogeneity, introduced by trends and 
periodic variations, producing some degree of autocorrelation between extracted 
increments, in 1D process sampling situations. In process sampling, the sum of FSE and GSE, 
i.e. the errors stemming from the CHL and DHL of the sampled material, is also termed the 
short-range heterogeneity fluctuation error (CE1), Equation 7 (Pitard 1993). 
𝐶𝐶𝐶𝐶1 = 𝐹𝐹𝐶𝐶𝐶𝐶 + 𝐺𝐺𝐶𝐶𝐶𝐶                                                                                                    (7) 
FSE is directly related to the CHL of the lot, whether it is stationary or moving. FSE alone is 
the minimum possible sampling error that can ever be achieved. FSE can only be fully 
eliminated by analysing all particles of the lot, which naturally is impossible in practical 
applications. Thus, FSE is the singular sampling error remaining, to some degree or other, 
even when all other sampling errors have been eliminated. Mixing, or so-called 
homogenisation, has no effect on CHL and therefore not on FSE, which is dependent on 
factors such as mineral composition, liberation, shape and fragment size distribution of the 
lot (Pitard 1993). Pierre Gy has derived a practical link between FSE and observable material 
characteristics, that has become known as Gy’s formula. This thesis will not further develop 
the mathematical concepts around FSE and Gy’s formula. However, these concepts are 
comprehensively described in various TOS literature (e.g. Gy 1998, Pitard 1993). 
GSE is related to DHL that describe the variability between increments in the lot (Pitard 
1993). GSE is dependent on the size of the extracted increments and their spatial disposition 
in the lot and can be reduced either by extracting a larger number of smaller increments 
and/or by effective mixing of the material in the lot before sampling. It is essential to avoid 
introduction of any additional errors, e.g. IDE or IEE, in the attempts to reduce GSE. In 
process sampling applications, there is often only little practical possibility to reduce the 
segregation factor of GSE through mixing (Gy 1979). The smallest possible GSE can only be 
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achieved under the ideal condition where fragments are collected one by one, selected at 
strictly random, which is practically impossible to achieve. Samples are instead normally 
made up by a number of extracted increments (composite sampling), each of which are 
made up by several fragments. Therefore, with TOS-correct procedures, samples are made 
up by randomly extracted increments, or groups of fragments.  
The additional CSE, CE2 and CE3, are process sampling errors introduced by the long-range 
heterogeneity present in dynamic 1D lots. These will, together with CE1 (defined as the sum 
of FSE and GSE in process sampling contexts), be further addressed in section 2.4. The In-Situ 
Nugget Effect (INE) is related to particles or clusters of the constituent of interest in 
unbroken and undisturbed material exposed to e.g. core drilling. INE is an error that is only 
recently defined by TOS (Pitard 2009). INE only impacts the sampling process before the 
material is broken up into smaller particles. However, it has large implications in mineral 
economics, for example during feasibility studies. (Note that INE is not equivalent to the 
nugget effect (V(0)) described by the variogram, see 2.5.2, but rather constitute a part of the 
components making up the variogram nugget effect).  
Incorrect Sampling Errors (ISE) 
The notion of incorrect sampling errors reflects the properties of these errors as being 
generated by incorrect sampling procedures. The incorrect sampling errors can only be fully 
eliminated if correct sampling procedures, following the rules described by TOS, are applied. 
This contrasts to the correct sampling errors, that can be minimized but not eliminated, even 
with TOS correct sample processes. The ISE are also called materialisation errors as they are 
introduced by the sampling equipment interacting with the material as increments are 
extracted from the lot.  
The Increment Delimitation Error (IDE) is related to the design of the sampling equipment 
used to extract increments from the lot. A correct delimitation of a one-dimensional lot 
increment is a complete cross section of the material stream, easily accessed at a conveyor 
belt or pipeline transfer point and delineated by parallel planar or curve-planar boundaries, 
Figure 13. Correct delimitation is achieved when a sample cutter transgresses the lot with 
uniform speed and continues to have parallel edges also when intercepting the complete 
width-depth of the material, i.e. when all elements of the cross section are intercepted by 
the sampling cutter in the same length of time (Gy 1979). If the increment delimitation is 
incorrect, IDE and therefore a sampling bias will be introduced. 
Figure 13. Examples of correct and incorrect increment delimitation from a 1D lot. 
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The Incorrect Extraction Error (IEE) refers to the physical extraction of increments. Even 
though the delimitation of an increment is correct, incorrect physical sampling operations 
can lead to incorrect sample extraction. The so-called rebounding rule and rule of centre of 
gravity need to be respected in order to eliminate the IEE (Gy 1979). The rebounding rule 
means that all particles delineated by the sample cutter should end up in the extracted 
increment, i.e. that the sample cutter edges and opening shall be designed so that no 
particles colliding with the edges or walls of the cutter bounce free off the cutter and exit 
the increment. The rule of centre of gravity refers to that all particles having centre of 
gravity within the delimited increment should also end up in the extracted increment, while 
particles with centre of gravity outside the delimited increment should be rejected by the 
sample cutter (Pitard 1993). Some practical aspects for reaching correct increment 
extraction include i) straightness, thickness, shape, length and inclination of cutter edges, ii) 
cutter width and speed and iii) cutter depth, capacity and design. 
The Increment Weighting Error (IWE) is also related to how increments are extracted. IWE is 
introduced if the extraction of increments is non-proportional to the flow of material being 
sampled. Elimination of IWE is achieved either through i) mass-basis sampling, where each 
increment is of uniform mass and the increment spacing is determined as a fixed mass 
interval or ii) time-basis sampling, where each increment mass is proportional to the flow 
rate of the material stream and the increment spacing is determined as a fixed time interval 
(Pitard 2009).  
The Increment Preparation Error (IPE) is not strictly speaking a sampling error, as it is not 
related to the selection process where increments are extracted from the lot, but rather 
occurs in-between sampling stages and/or after sampling is completed. However, as IPE 
(if present) will introduce a bias and is related to the practical implementation of the 
sampling protocol, it is often referred to as a sampling error together with the remaining 
three ISE (Pitard 2009). Activities that can introduce IPE are sample transfer spillage or 
contamination, unwanted comminution, drying or evaporation, accidental filtration or 
fractionation. The adverse effects of IPE, e.g. contamination, loss of fines and/or alteration 
of chemical and/or physical composition are essential to avoid and it is imperative to 
eliminate all IPE in order to ensure the sample integrity throughout the complete sampling 
process and hence achieve a representative analytical aliquot. 
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2.3 Open pit mine sampling 
Open pit mining is used for ore deposits where the economically minable ore is located near 
the surface, in contrast to underground mining, used when the economically viable ore is 
found deeper below the surface. Open pit mining at LKAB is performed using benches of 15 
metres thickness, where vertical holes are drilled, charged with explosives and blasted. The 
current mine grade control at LKAB is based on geological 3D and resource block models 
derived from diamond drilling, enhanced with Blast Hole drill sampling (BH sampling), 
Figure 14, and analysis for increased detail. 
The most commonly used methods for open pit mine grade control around the world are 
BH sampling and Reverse Circulation drill sampling (RC sampling). Several publications have 
evaluated one or both sampling methods in the quest of establishing a general conclusion as 
to a best approach with respect to representativity (e.g. Abzalov et al. 2010, Chieregati et al. 
2011, François-Bongarçon 2010, Gomes et al. 2011, Pitard 2008). These evaluations typically 
show varying and partly opposing results depending on the mining situation, ore 
composition and specific drill rigs and sampling equipment used. It is noticeable that several 
of the published evaluations start with the preconception that RC sampling is representative 
and therefore use this method as a reference with which to compare BH sampling (e.g. 
Caccioppoli and Candy 2011, Chieregati et al. 2015). However, other studies indicate that 
RC sampling is not necessarily a representative sampling method (e.g. Abzalov et al. 2010, 
François-Bongarçon 2010, Goers and Almond 2012). Another drill sampling approach is 
Diamond Drilling (DD), which is generally accepted as the superior sampling method for 
representative mine sampling and therefore often used for exploration purposes. However, 
as the drilling costs are significantly higher than for both BH- and RC sampling, DD is 
generally not used for production grade control in open pit mining.  
 
Figure 14. BH drilling and sampling using a stationary radial bucket, during one of the 
variographic experiments conducted within this Ph.D. study. The pictured D65 drill rig utilises 
a cyclone to separate fines and dust to a separate BH cone in the back of the drill rig.  
27 
 
2.3.1 Blast hole drill sampling 
Blast hole drilling generally uses a piston hammer and drill bit with pneumatic drive. The 
hammer is driven down in the ground with great force to fracture the rock and drill cuttings 
are flushed out of the hole with compressed air. During drilling, the drill cuttings are either 
discharged around the drill hole or gathered by a dust collector and passed through a 
cyclone (separating dust and fines to a separate BH cone) before being discharged close to 
the hole, Figure 14.  
BH sampling most often includes manual extraction of samples from the cone of drill 
cuttings. Conventional methods for extracting BH samples include e.g. shovelling, spear 
sampling and collecting vertical slices from the centre of the cone or radial slices from the 
complete cone, all of which are subjected to some (smaller or larger) degree of ISE. In 
practical applications, a single BH sample per drill hole is normally collected. There are 
several problems related to sampling of BH drill cuttings, including the sub-drill (i.e. that the 
BH is drilled below the bottom of the bench to allow for correct fractioning during blasting), 
BH cone segregation, loss of fines and poor material recovery from the drilled blast hole, 
Figure 15 (Pitard 2008). 
Figure 15. Summary of BH sampling problems, including problems with the sub-drill (A, C), BH 
cone segregation (D, E) and loss of fines (F, G) (reprinted with permission: Pitard 2008). 
Some suggestions on how to reduce the sampling errors connected to BH sampling have 
been presented and some studies indicate that BH sampling can be deemed fit-for-purpose 
even though residual sampling errors are likely present (e.g. François-Bongarçon 2010, 
Gomes et al. 2011, Séguret 2015). The general solution to achieve fit-for-purpose samples 
from a BH cone of drill cuttings is to extract one or multiple radial increments. Methods for 
extracting radial increments include sectorial sample frames, spear samplers applied in a 
radial pattern or radial shovelling, Figure 16. These methods are designed to manage the 
problems with pile segregation, but none of them can handle the problem with the sub-drill, 
loss of fines during drilling or inadequate material recovery from the blast hole (Pitard 2008). 
28 
 
Figure 16. Some suggested methods for handling the problems related to BH sampling. 
a) Stationary sectorial sample frame/bucket, b) A: Spear sampling introduction IDE, B: Spear 
sampling simulating a correct radial cut, c) Correct design and positioning of radial buckets 
and d) Collecting four thin radial increments for a composite sample (reprinted with 
permission: a) Pitard 1993, b, c and d) Pitard 2008). 
 
  
a b 
c 
d 
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2.3.2 Reverse Circulation drill sampling  
In contrast to BH drilling, RC drilling uses a rotary drilling technique with dual wall drill rods. 
The hollow inner tubes of the drill rods allow drill cuttings to be transported to the surface in 
a steady flow. The general method for extracting samples during RC drilling is to use a rotary 
divider or riffle splitter to reduce the drill cuttings to a desired sample mass. The RC sampling 
process generally results in several samples per drilled hole, for example one sample per 
drilled meter. This can be a desired feature for allowing detailed grade control, but also 
leads to a large number of samples and large sample masses to be handled by sampling and 
laboratory staff.  
RC sampling has been found to be more representative than BH sampling in some studies 
(e.g. Caccioppoli and Candy 2011, Magri and Ortiz 2000, Pitard 2008). However, several 
problems related to RC drill sampling can lead to biased grade estimations, e.g. down-hole 
contamination, poor material recovery, increased drill-spacing and the plucking effect, 
Figure 17 (Abzalov 2010, Pitard 2004).  
Figure 17. Plucking effect generated by RC and BH drilling. a) in-situ ore, b) ideal recovery and 
c) plucking effect (reprinted with permission: Pitard 2004). 
2.3.3 Alternative measurement solutions 
Alternative solutions for traditional grade control sampling and measurement systems have 
recently been developed for open pit mining application. One example is an in-situ 
measurement system using the Pulsed Fast and Thermal Neutron Activation (PFTNA) 
technique. PFTNA rely on a pulsed neutron generator that sends neutrons toward the walls 
of the drill hole. The neutrons penetrate the surrounding material, exciting gamma photons 
that are detected and translated to grades for the chemical constituents of interest for most 
mining industry applications (Smith et al. 2015). The PFTNA utilise a down the hole tool that 
lowers the measurement system in to the hole, for real-time in-situ measurement of the 
chemical grades of the material in the walls of the drill hole. PFTNA is critically dependent 
upon correct calibration and need to be adapted and tested for each individual application. 
a b c 
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2.4 Process (1D) sampling 
Process sampling is the most common practical application of sampling of 1D lots. Generally, 
process sampling refers to sampling from moving streams of material, e.g. particulate 
material on conveyor belts, slurries in pipelines or chutes, or sampling of discrete 
chronological units. The main characteristic of the 1D lot subjected to process sampling is 
that the lot is restricted in two dimensions (width and depth), while it is elongated and often 
vastly extended in the third dimension (Gy 1979). This allows for TOS correct increments to 
be extracted as complete cross sections of the material stream at regular intervals, to be 
combined to a composite sample, Figure 18. The 1D lots produced and sampled in process 
industries are normally affected by some degree of autocorrelation, meaning that extracted 
increments are more alike if the spacing between them is small. Hence, the autocorrelation 
is strong for closely spaced increments, while it is declining until non-existent as the 
increment spacing increase. 
1D process sampling is, apart from the already described CSE and ISE, also affected by the 
heterogeneity fluctuation errors CE2 and CE3. These are related to variabilities originating 
from either human activities in the mine or processing plants, e.g. loading of heterogeneous 
material onto a conveyor belt, or to large-scale composition or chemical content trends or 
cycles in the ore body and processed material. This leads to variations in the process stream 
that not only stems from the material in itself (described by CE1) but also from how the 
process is controlled (Minnitt and Esbensen 2017, Pitard 1993).  
Figure 18. Examples of practical solutions for linear sampling of particulate material streams: 
a) correctly designed cross stream sampler that b) can handle any shape of material stream, 
c) cross stream sampler with built up material leading to IEE, d) cross stream sampler made 
of weak material, leading to non-parallel edges and IEE over time (reprinted with permission: 
Pitard 1993). 
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Practical process sampling implies extraction of several increments from a moving stream of 
material. The TOS-correct method of extracting increments is to collect a complete and 
uniform cross section of the material stream. The preferable way of achieving this is to 
transect the stream at a transfer point between conveyor belts or slurry pipelines, where the 
material is free-falling. To collect a complete cross section of a material stream by sampling 
from the top of a belt, using manual sampling methods or mechanical cross belt (hammer) 
samplers is not recommended as it is impossible to achieve a complete cross-section 
increment in this manner (ISO 3082 2009). There are almost countless numbers of practical 
and mechanical solutions for extracting increments from particulate material process 
streams, Figure 18 and 19, and slurry streams, Figure 20. However, several sampling systems 
available and applied today, do not conform to the principles of TOS-correct increment 
extraction. These incorrectly designed systems can be expected to result in an excessive 
sampling variability or a sampling bias. 
Figure 19. Examples of practical solutions for radial sampling of particulate material streams: 
a) correctly designed Vezin sampler with radial cutter edges, b) incorrectly designed Vezin-
sampler with parallel cutter edges, c) incorrectly designed Vezin-sampler with non-radial 
cutter edges, d) incorrectly designed Vezin-sampler with non-radial cutter edges (reprinted 
with permission: Pitard 1993).  
 
 
 
a b 
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Figure 20. Examples of practical solutions for process slurry sampling: a) correctly designed 
Vezin sampler collecting a uniform cross section of the stream, b) correctly designed hose 
sampler collecting a uniform cross section of the stream, c) incorrectly designed hose sampler 
collecting a non-uniform cross section of the stream, d) incorrectly designed spear and shark-
fin samplers only collecting part of the stream (reprinted with permission: Pitard 1993). 
  
c 
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2.5 Methods for evaluation of industrial measurement systems 
There are several statistical and experiential methods for assessing the performance of 
industrial measurement systems. Variographic characterisation, replication experiments and 
duplicate sampling experiments are three examples of well-established methods presented 
in numerous TOS related publications (e.g. Esbensen and Wagner 2016, Gy 1979, Lyn et al. 
2007, Minnitt and Pitard 2008, Pitard 1993, Ramsey 1992). All three methods have been 
applied within this PhD study, to various measurement systems at LKAB iron ore operations. 
The choice of evaluation method is based on several parameters, e.g. scope of evaluation, 
time frame, data availability, sampling target, lot dimensionality and sample extraction 
method. 
2.5.1 Bias testing 
Bias testing is an important aspect for industrial sampling, as several international standards, 
e.g. for iron ore (ISO 3082 2009, ISO 3086 2006), advocate this method to check the accuracy 
of a newly installed or modified sampling system. This means that bias testing of sampling 
systems often is necessary in seller-customer relationships, in order to validate that the 
sampling and analysis are representative of e.g. a shipload of delivered products. However, 
bias testing, where an applied sampling system is compared to a reference sampling method 
(e.g. stopped belt sampling or full cone blast hole sampling), is always only a snapshot of a 
potential sampling bias. If a sampling bias is detected, this only gives information regarding 
the level of the bias at that specific instance. As all sampling biases are inconstant, a bias test 
can only determine if there is a sampling bias present or not but can never quantify the bias 
or enable any ‘bias correction’ as this is a structural impossibility. 
The only certain method to ensure that a sampling system is representative and does not 
produce biased samples, is to apply TOS correct sampling processes. If the sampling method 
complies with all the pertinent TOS rules, the sampling system will be representative and the 
need for costly bias testing is eliminated. However, industrial sales contracts often require 
adherence to the applicable ISO standards, hence demanding comprehensive bias testing of 
customer sampling systems, as in the LKAB harbours. This requirement is already fulfilled at 
LKAB and bias testing of process or delivery sampling system is therefore not included in this 
PhD project. Furthermore, sampling bias manifestations will always be varying due to the 
inherent nature of lot material heterogeneity. This means that a sampling bias will lead to an 
inflated sampling variance or sampling uncertainty. Powerful methods for quantification of 
the total sampling and measurement variability are defined by TOS and presented below.  
For open pit mine sampling, bias testing has been applied within this study, to compare 
various drill sampling methods to full BH cone reference samples. The purpose of these tests 
was to clarify how non-correct measurement systems can lead to sampling bias, as well as to 
compare this bias between various sampling methods. Due to the large amount of resources 
and time needed for bias testing, it is not possible to conduct such regularly, nor is it 
necessary when the total measurement system is not changed. However, the presented 
methods for evaluation of total measurement system variability are versatile for continuous 
evaluation of industrial sampling systems. 
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2.5.2 Variographic characterisation 
Process samples are influenced by variabilities stemming from the material being processed, 
from the process itself and from the measurement system applied to describe the 
characteristics of the process or product. For complete understanding of the total 
observable process variability, it is important to be able to discriminate between the true 
process variability and the variability (uncertainty) stemming from the measurement system. 
There can be large variations in the ratio between these two variabilities for various process 
data series in technology and industry.  
Variographic characterisation is a powerful tool, providing a structured way of quantifying 
the magnitude and origin of different variance components in process data. The  
semi-variogram enable determination of the so-called nugget effect (v(0)), which is an 
estimation of the variability stemming from the measurement system (including primary 
sampling, sub-sampling, sample preparation and analysis). Variographic characterisation can 
be applied to any 1D process data that is ordered in time or space, e.g. process monitoring 
data or similar experimental data, but also to space correlated drill sampling data (Esbensen 
and Paasch-Mortensen 2010).  
The variogram can be calculated based on absolute analytical concentrations (aq) or based 
on heterogeneity contributions (hq), where the latter is termed the relative semi-variogram. 
The advantage of using heterogeneity contributions is that the relative variogram enable 
direct comparison between variograms representing various measurement systems and 
diverse analytical parameters. The basis for the term semi-variogram is the division by a 
factor 2, in order to express the variability as a standard statistical variance (Pitard 1993). 
Calculation of the heterogeneity contributions and point calculation (v(j)) of the relative 
semi-variogram follow equation 8 and 9, where v(j) is the variogram point estimations 
(expressed as statistical variances), hq is the heterogeneity contribution for increment q, aq is 
the analytical concentration for increment q, aL is the mean analytical concentration of the 
lot, Ms is the sample (or increment) mass, Q is the total number of measurements and j is 
the lag (distance between samples or increments in time or space) 
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The variogram point estimations, v(j), is calculated for each analytical spacing, (j = 1,2,3, …), 
Figure 21. The spacing is termed lag (j) and denotes the distance in time or space between 
two analytical results, i.e. for lag one (v(1)) the variogram is calculated for all analysis pairs 
with spacing j = 1. The variogram is calculated for all lags up to a maximum of j = Q/2, where 
Q is the total number of chronological data points available for the variogram calculation. 
This is to ensure that all analytical results in the data set is included in the variogram 
calculations. When j > Q/2, the central values of the chronological data set will not be 
involved (Pitard 1993).  
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Figure 21. Schematic view of the basis for computation of a variogram. 
Variograms can have distinctly different appearances, but three main parameters can be 
estimated and used for comparison between relative semi-variograms. These features are 
the nugget effect (V(0)), the sill and the range, Table 1 and Figure 22. In the 1D process 
variogram, the nugget effect is the sum of all variability contributions from the total 
measurement system (including primary sampling, sub-sampling, preparation and analysis). 
In practice this means that the nugget effect is an estimate of FSE, GSE, INE as well as all 
non-eliminated and variable ISE. Therefore, it is an important parameter for the evaluation 
of measurement system performance. The sill describes the total variability present in the 
variogram data set and the range describes the total lag distance to where the sill is reached. 
Another important characteristic of the semi-variogram is the nugget-to-sill ratio, Table 1. 
This ratio describes how large the variability contribution from the measurement system 
alone (nugget effect) is in relation to the observable overall variability, reflected by the sill 
level (DS 3077 2013). The nugget-to-sill ratio is a useful quality index and a grading tool of 
the measurement system performance. The smaller nugget-to-sill ratio, often expressed as a 
percentage, the better performing is the particular process measurement system. The 
relative semi-variogram, with estimation of nugget-to-sill ratio, is therefore a powerful tool 
for assessing and comparing different process measurement systems. The full mathematical 
description for variographic analysis is presented in detail both in the historical TOS 
literature and in more recent publications (e.g. Esbensen and Paasch-Mortensen 2010, Gy 
1979, Minnitt and Esbensen 2017, Pitard 1993). Practical application of variographic 
characterisation is applied in appended papers number II, III, V, VI and VII. 
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Table 1. Important parameters for characterisation of the relative variogram (Gy 1998, 
Minnitt and Esbensen 2017, Minnitt and Pitard 2008). 
Notation Definition Description 
v(0) -  
Nugget effect 
Extrapolated 
intersect of y-axis 
Short range random variability stemming from the 
total measurement system, including sampling, 
sub-sampling, sample preparation and analysis. 
The nugget effect is the summation of material 
heterogeneity, FSE and GSE, as well as all non-
eliminated ISE stemming from incorrect sampling 
procedures. The nugget effect is approximated by 
extrapolation of the variogram to the y-axis, i.e. 
the fictive point of v(0). 
Sill 
Total variability in 
the data set 
Describes the total variability, or the global 
heterogeneity, in the data set. Technically the sill is 
the average of all variogram point values. In an 
increasing variogram, the sill is similar to the level 
where the variogram flattens out.  
Range 
Where the 
variogram 
reaches the sill 
For process variograms, the range can be directly 
translated into a time interval where paired 
samples show autocorrelation. The range is the 
point where an increasing variogram is flattening 
out, i.e. the lag distance where the variogram 
reaches the sill.  
Nugget-to-sill 
ratio 
Relative 
measurement 
system variability 
The nugget effect divided by the sill describe the 
variability stemming from the measurement 
system relative to the overall variability. This ratio 
is an effective quality grading for any 
measurement system, also allowing distinct 
comparison between measurement systems. 
v(1) Value of v(1) 
The non-random variability occurring in the 
process during the time period between two 
analyses, i.e. the sum of the total measurement 
system variability and the process variability that 
occurs between any two consecutive analyses. 
v(Process) v(1) – v(0) 
The ‘true’ process variability for the time interval 
between two samples, not including the total 
measurement system variability. This is simply the 
difference between v(1) and v(0). 
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The variogram appearance varies depending on the inherent process data characteristics, 
i.e. depending on the measurement system, the material heterogeneity and the process 
variabilities present during the time the variogram data were obtained. For positively 
autocorrelated process data, the variogram (v(j)) is expected to increase as the spacing 
between measurements increases, i.e. when the lag (j) increases, Figure 22. For data series 
with no autocorrelation (i.e. statistically independent data), the variogram appearance is 
flat. This may be due either to a high measurement system variability, to low process 
variability, or due to lack of closely spaced data, Figure 22 (Pitard 1993). The variogram can 
also exhibit a periodicity, stemming from a cyclic variation in the process data. The 
variogram will clearly show also small and diffuse periodicities, which are often hard to 
discern in the original process data, Figure 22. 
Figure 22. General appearances of various semi-variograms, a) general appearance of an 
increasing variogram, with visualisation of the three characteristic features: nugget effect, 
sill and range, b) flat variogram, c) periodic variogram. 
b c 
a 
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2.5.3 Replication experiment 
Replication of measurements has a long tradition for estimating uncertainty in the realm of 
chemical laboratories and design of experiments. However, even though analysis replication 
will give useful information of the analytical repeatability or decrease the analytical 
uncertainty if used for averaging, it will not reveal any information about the total 
measurement system performance as concerns primary sampling, sub-sampling or sample 
preparation.  
A complete measurement system includes primary sampling, secondary sampling (sub-
sampling/mass reduction/sample division) and sample preparation, before reaching an 
analytical aliquot ready for insertion in the analytical instrument, Figure 23. As primary 
sampling, secondary sampling and sample preparation often introduce significantly larger 
variabilities than the analysis itself, it is critically necessary to include these activities in a 
comprehensive replication experiment, to enable full evaluation of all uncertainties affecting 
the total measurement system (DS3077 2013, Esbensen and Wagner 2016). Furthermore, to 
allow for a complete decomposition of variability stemming from different sampling stages, 
replication can be deployed at several stages, i.e. replication of both primary sampling, 
sample preparation and analysis. Replication of the primary sampling step will allow 
estimation of the complete sampling error including both CSE and ISE, i.e. sampling 
uncertainties and non-eliminated sampling bias.  
Figure 23. Measurement system stages before reaching the analytical aliquot. Replication 
can be performed in any one stage, but preferably should be done “from the top”, i.e. from 
the primary sample extraction, in order to reflect the global estimation error including all 
sampling errors and the analytical error.  
Replication experiments are especially useful when variographic characterisation is not 
applicable due to the lot dimensionality, insufficient increment lag spacing or a lack of data 
availability. The replication experiment is readily applicable to any sampling situation, not 
only for process measurement systems, with a minimum of additional effort. When 
replicating from the primary sample extraction, the aim is that the replicates should cover 
the entire spatial geometry and/or temporal variability as best possible (in order to 
guarantee compliance with the FSP), to allow the estimation of all possible variability that 
the sampling protocol may introduce (Esbensen and Wagner 2016). 
   
Analytical aliquot 
Primary sample Secondary sample Lot 
39 
 
For evaluation of the sampling replication experiment results, the relative coefficient of 
variance (CVrel), also termed the Relative Sampling Variability (RSV), is used, equation 10. 
Where σ is the standard deviation and 𝑋𝑋� is the mean of the measurement results from the 
replication experiment. The estimated RSV includes all non-eliminated sampling and 
analytical errors as manifested by the sampling process being assessed. 
𝐶𝐶𝐶𝐶𝑟𝑟𝑒𝑒𝑟𝑟 = 100 ∙ �
𝜎𝜎
𝑋𝑋�
� = 𝑅𝑅𝐶𝐶𝐶𝐶                                                                                     (10) 
2.5.4 Duplicate sampling experiment 
The duplicate sampling method is another straight forward method for evaluation of the 
variability stemming from primary sampling, sub-sampling, sample preparation and 
measurement, in relation to the overall variability in the data (Ramsey et al. 1992). To allow 
for all possible variability to be included in the evaluation, all duplicate sample sets should 
be collected in strict accordance to the sampling protocol under evaluation – identical to the 
primary sampling replication experiment stipulations. This means that all ambiguity in the 
sampling protocol should be accounted for in the physical and/or temporal spacing between 
extracted samples. To enable full discrimination of the variabilities stemming from primary 
sampling, sample preparation and analysis, the duplication should be repeated at all sample 
preparation and/or analytical stages, Figure 24 (Lyn et al. 2007). The Robust Analysis of 
Variance (RANOVA) is recommended for evaluation of the duplicate experiment. In contrast 
to classic Analysis of Variance (ANOVA), RANOVA is not as sensitive to small numbers of 
outlying values due to sampling, geochemical or technical issues (Ramsey et al. 1992). 
Figure 24. Visualisation of a hierarchical duplicate sampling experiment with duplication of 
primary sampling, sample preparation and analysis.   
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Duplication 2: 
Sample 
preparation
Duplication 1: 
Primary 
sampling
Duplicate 
experiment
Duplicate 1
Duplicate 1:1
Duplicate 1:1:1
Duplicate 1:1:2
Duplicate 1:2
Duplicate 1:2:1
Duplicate 1:2:2
Duplicate 2
Duplicate 2:1
Duplicate 2:1:1
Duplicate 2:1:2
Duplicate 2:2
Duplicate 2:2:1
Duplicate 2:2:2
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2.6 Chemometrics and PCA 
Raw data from industrial processes and experiments cannot always be used for direct 
interpretation until appropriate data analysis is applied. Therefore, proper definition of the 
analytical problem is essential. The possibility to extract useful information from the 
available data depends on the actual content of assumed information, relative to the 
purpose of the measurements. A fundamental basis for optimising the possibility of proper 
conclusions, is to measure meaningful variables rather than to simply perform a large 
number of measurements (Esbensen 2009, Esbensen and Swarbrick 2018). 
Empirical sciences and process industries, including mining and mineral processing, often 
generate multivariate data that need to be evaluated with appropriate methods to enable 
valid conclusions. A traditional and powerful method for describing multivariate data is 
Principal Component Analysis (PCA). PCA uses orthogonal transformation of the original 
data set, into a set of uncorrelated linear combinations of the original variables. These 
orthogonal transformations are expressed in terms of principal components (PCs). The first 
few PCs describe the largest proportion of variance in the original data. This allows the 
underlying data structure to be modelled with fewer of these latent variables, allowing 
important information to be assessed and evaluated based on a radically lower set of 
dimensions, while at the same time effectively disregarding random noise. PCA is widely 
used for finding hidden data structures, discriminate between systematic information and 
random noise, as well as detecting outliers and visualise patterns and correlation between 
variables and samples (Esbensen and Geladi 2009, Esbensen and Swarbrick 2018). 
There are four elements in a PCA model: raw data, scores, loadings and residuals. These are 
preferably visualised through plots, which provide possibilities for both pattern detection 
and discrimination between objects and variables. The score plots present optimal possibility 
for detecting groupings, trends and irregular patterns among the samples in the original 
data. The loading plots show which variables affect the calculated components as well as 
variables that do not add to the specific variability along the same component(s) (Bro and 
Smilde 2014, Esbensen and Swarbrick 2018). The complement of a loading plot enables clear 
visualisation of the groupings observed in the score plot, Figure 25.  
Figure 25. Visualisation of scores and loadings for an example PCA of chemical analysis data. 
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3. Papers prelude and conclusions 
This chapter presents a summary of the appended papers, including important results and 
conclusions. The appended papers are based on the theoretical background compiled in 
chapter 2 and utilise the presented empirical methods to enable comprehensive assessment 
of the performance of both current and alternative sampling and measurement systems 
within LKAB iron ore operations. Furthermore, overall conclusions drawn from this PhD 
project, as well as recommendations for further work, are presented in this chapter. 
3.1 Papers prelude 
This study spans a wide range of vastly different sampling processes and measurement 
systems applied to various sampling targets at the LKAB iron ore operations in northern 
Sweden. From grade control in the open pit mines, throughout the full processing value 
chain, to the environmental surface water sampling of recipient water streams. The common 
denominator for all these applications is that representative measurement results are the 
critical success factor for reaching reliable conclusions and enabling valid decision making. 
The seven appended papers in this thesis focus on evaluation and optimisation of sampling 
systems, to conclude if they are fit-for-purpose or need improvement. Apart from the 
literature study in paper I, which relies purely on previously published results, all papers 
include empirical case studies and experiments, using existing process data and/or 
experimental data from measurement systems employed at LKAB. Variographic 
characterisation has been the general approach for measurement system evaluation, while 
two studies, paper II and IV, have been supplemented with replication and duplicate 
sampling experiments. 
While the focus of each individual paper has been to evaluate and optimise the selected 
sampling processes studied in that specific case, one general objective of this PhD has been 
to evaluate the applicability of variographic characterisation in mining- and mineral 
processing operations. Based on the comprehensive results from the presented case studies, 
the general possibilities and benefits of variography are discussed in the concluding sections 
of this thesis.  
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3.2 Summary of results 
3.2.1 Open pit mine sampling (papers I, II and III) 
Paper I, II and III of this thesis concern the performance of various methods for open pit 
mine drill sampling. The three papers are presented as a sequence of increased 
understanding of available open pit mine drill sampling methods and how they perform in 
regard to sampling bias and sampling variability in general, and more specifically in the iron 
ore open pit mining at LKAB operations in northern Sweden.  
Paper I: A comprehensive literature review reflecting fifteen years of debate regarding the 
representativity of reverse circulation vs blast hole drill sampling 
The study of open pit mine sampling was initiated with a comprehensive literature review 
reflecting fifteen years of debate regarding the representativity of Reverse Circulation drill 
sampling (RC sampling) and Blast Hole drill sampling (BH sampling). The literature review 
located a total of 31 publications from the years 2000 – 2017. 16 papers were published in 
conference proceedings from specific sampling conferences, while 10 papers were from 
other mining conferences and five papers were published in peer-reviewed journals.  
Most of the reviewed papers evaluated BH sampling or compared BH and RC sampling, while 
four of them only evaluated RC sampling. The literature review showed that the 
performance of BH- and RC sampling is strongly related to the ore deposit and mining 
conditions at hand. Several problems with BH sampling, e.g. loss of fines, upward/downward 
contamination, pile segregation, pile shape irregularities, operator dependent sampling and 
non-probabilistic sampling equipment, were presented. Methods for reducing some of the 
problems exist and were also discussed in several publications. Sampling grid resolution was, 
in several publications, concluded to be more important than sampling performance. The 
increased sampling grids can lead to more misclassified mining blocks with RC sampling, in 
contrast to BH sampling, which often utilise more detailed grids. While some studies 
concluded that BH sampling can be fit-for-purpose, if care is taken to develop satisfactory 
sampling procedures, others concluded that RC sampling is superior and enable increased 
profits. Some publications concluded that the increased cost of RC-drilling is motivated and 
leads to increased profit, especially in precious metal mining, while others showed that both 
RC and BH sampling is afflicted by sampling errors leading to non-representative samples.  
The results in the publications varied considerably and the literature review infer that it is 
not possible to reach an overall conclusion about one drill sampling method being superior 
to the other. Both BH- and RC sampling have advantages and disadvantages that need to be 
assessed in connection with the ore type and mining conditions at hand. Therefore, it is 
necessary to evaluate the applied drill sampling method locally to ensure that no hidden 
economic losses are generated due to non-representative samples.  
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Paper II: Blast hole sampling (replicate and variographic experiments) in LKAB open pit 
iron ore mines: fit-for-purpose representativity? 
The second paper of the open pit mine drill sampling study presents an empirical evaluation 
of the current manual BH sampling method applied in the LKAB operated open pit mines. 
The study includes one replication experiment and two variographic experiments. The 
objective was to evaluate the variability of the current manual sampling procedure applied 
to the blast hole cones after drilling is finalised, as well as an alternative radial segment 
sampling method. The study also furthered comparison with full cone BH reference samples 
to evaluate the presence of any sampling bias. The drill rig used in the study was an Atlas 
Copco D65 rig usually employed by LKAB. The D65 uses a dust collector that separates the 
coarse and fine drill cuttings in to two separate BH cones, Figure 14. 
The variographic experiments in this study were performed in the Leveäniemi open pit mine. 
Canvases were placed under the two drill rig discharge chutes and a stationary sectorial 
cutter was placed under the coarse discharge. After drilling of each blast hole was finalised, a 
manual BH sample was extracted using the current sampling procedure and a radial segment 
sample was collected from the sectorial cutter. From 18 of the 55 blast holes, the complete 
fines and complete coarse BH cones were also collected, weighed and split, to enable 
calculation of a reference measurement result (weighted average) based on the four partial 
samples.  
The results indicate that the manual BH sampling procedure show smaller deviations from 
the reference sample, for iron, silica and vanadium grade, compared to the segment 
sampling method. A significant problem with both the manual BH and segment sampling 
method is that they only collect material from the coarse BH cone. As the fines and coarse 
cone exhibited large deviations in chemical grade this leads to a sampling bias affecting both 
sampling methods. The variographic results indicate that the nugget effect, for iron and 
vanadium grade, for both the manual and segment BH sampling methods correspond to 
≈ 20% of the total variability visible in the sill. This indicates that both sampling methods can 
produce sufficiently precise measurement results. The results from the replication 
experiment of the manual BH sampling showed that the Relative Sampling Variability (RSV) 
was below eight percent for the key variables iron and vanadium grade for all 24 completed 
replication experiments. The general trend was that the RSV was lower for areas in the 
mines with higher iron grades, indicating that the ore heterogeneity in these areas is lower, 
generating lower sampling variability.  
This study concluded that the manual BH sampling method employed by LKAB performs well 
regarding sampling variability, i.e. the method is reproducible. The manual sampling method 
also shows better agreement with the reference measurement results than the segment 
sampling method does. However, for blast holes with low iron grade and therefore higher 
ore heterogeneity, the deviation from the reference result and the RSV is significantly larger 
than for blast holes with high iron grade. This is likely due to the manual sampling method 
excluding the fines BH cone in sample extraction. Hence, a sampling method applied before 
the dust collector, that separate the fines and coarse drill cuttings, on the D65 drill rig would 
be of distinct interest to improve the representativity of the BH sampling. 
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Paper III: Optimal grade control sampling practice in open pit mining – A full-scale Blast 
Hole vs Reverse Circulation variographic experiment 
The third paper related to open pit mine sampling was a direct follow up study of the second 
paper. This study included a parallel variographic characterisation, employing RC drill 
sampling as twin holes to the BH sampling variographic experiment presented in paper II. 
This study applied Principal Component Analysis (PCA) to allow multivariate comparison 
between all chemical grades from the BH- and RC sampling respectively. 
The results from the PCA indicated that the major variability in the data was described by 
PC1, that account for approximately 56% of the total data set variance. PC1 was strongly 
correlated to the Fe/V vs Si variability that is significant for the Leveäniemi ores. PC2 added 
30% to the modelled variance, driven by phosphorus and calcium. PC3 described an 
additional 8.5% of variance, solely due to titanium variabilities. The PCA was conducted to 
compare the data from the BH and RC sampling methods and showed a smaller deviation 
between the sampling methods for drill holes with high iron grade than for drill holes with 
higher titanium, silica, phosphorus and calcium grades. A univariate comparison for iron and 
silica grade supports these results and showed larger discrepancies between the sampling 
methods as well as compared to the full cone reference results, for drill holes with lower 
iron grade and higher concentrations of apatite, calcite, actinolite, ilmenite and titanite, 
Figure 26.  
The results from the variographic characterisation showed that RC sampling exhibit less 
sampling variability than manual BH sampling, which in turn showed lower variability then 
the segment sampling method, Figure 26. The nugget-to-sill ratio was also lower for RC 
sampling, indicating that this method is superior to the BH sampling methods in regard to 
sampling reproducibility.  
Figure 26. Left: comparison between the drill sampling methods and the full cone reference 
results, right: variogram for iron grade for the evaluated drill sampling methods (paper III).  
This study concluded that the heterogeneity of the ore to be sampled is of critical 
importance to allow for proper discrimination between sampling methods. The results from 
the case studies showed that the large in-situ heterogeneity also affects the twin hole 
comparison, even though the hole distance was only 1.5m. In the specific mining conditions 
in Leveäniemi open pit mine, manual BH sampling was deemed fit-for-purpose for the 
blending of ore in to the primary crushers. Even if RC sampling was found to be more precise 
than the BH sampling, the increase in drilling cost and resources needed in the field and  
in-house laboratory could not be motivated based on the results of this study alone.  
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Summary of open pit mine sampling 
The overall conclusion related to the open pit mine sampling studies, is that it is not possible 
to determine one universal best practice sampling approach for all open pit mine drill 
sampling situations. The wide variety of ore body characteristics, ore compositions and 
heterogeneities, local mining conditions and drill rigs around the world, means that the 
choice of drill sampling approach need to be determined in relation to local conditions. 
There are advantages and disadvantages with both BH- and RC sampling. Both sampling 
methods are accompanied with various problems, but with correct identification and 
counteraction, they can often be reduced to reach fit-for-purpose representativity. The 
conclusion in this study (paper III) is that for the mining situation in Leveäniemi, RC sampling 
exhibit lower sampling variability than the two evaluated BH sampling methods, Figure 27. 
However, the RC sampling was not deemed sufficiently superior to justify the increased costs 
for drilling and sample handling. 
Figure 27. a) RC drilling during variographic experiment (paper III), b) sectorial sampling 
frame in BH cone (paper II), c) extracted manual BH sample and segment BH sample during 
variographic experiment (paper II), d) weighing and sample division during full cone 
BH reference sampling (paper II). 
As no general best practice can be determined for open pit mine sampling, this PhD study 
concludes that the specific heterogeneity characteristics of the mine need to be understood 
to enable selection of a drill sampling method appropriate for the present ore body 
characteristics and mining conditions. A well planned variographic sampling experiment, 
along a profile of relevant ore heterogeneity, is one example of a powerful method for 
characterisation of both ore heterogeneity and sampling variability for the applied drill 
sampling procedure. This approach allows mining geologists, mine planners and process 
engineers to evaluate the specific measurement system performance in direct relation to the 
local mining conditions and ore characteristics.  
a b c 
d 
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3.2.2 Environmental recipient water sampling (paper IV) 
The environmental recipient water sampling at LKAB is in many ways different from the 
other sampling processes studied within this PhD project. The recipient water sampling is 
performed outside of the actual mining and processing value chain and is not used for 
process or quality control. Nevertheless, high performance of these measurement systems is 
at least as important, as the recipient water analyses are critical for LKAB to assess and take 
responsibility for the environmental impact from the iron ore operations. Furthermore, they 
are also essential to retain the necessary environmental permits from the Swedish 
government. As the requirements for control of measurement uncertainty and total 
measurement system variability has increased, a comprehensive evaluation of the recipient 
water sampling processes was completed and is presented in paper IV of this thesis.  
Paper IV: Experimental evaluation of surface water sampling variability for environmental 
monitoring in iron ore operations using concepts from the theory of 
sampling (TOS) 
There has traditionally been a lack of focus on the sampling variability in environmental 
monitoring, while the requirements for certified and well documented analytical practices 
are strict. However, an increased scientific focus on sampling variability is an incentive for 
the industry to be proactive by including the evaluation of sampling processes in the 
mandatory self-monitoring programs related to environmental analysis. This study was 
performed as a pilot study to assess sampling variability at two important surface water 
sampling targets at LKAB, and to assess applicable methods for evaluation of measurement 
system performance. Duplicate- and replication experiments were performed at the two 
sampling targets KVA and SVA, affected by LKAB operations in Kiruna and Svappavaara 
respectively. Both the current and an alternative sample extraction method (using the Aloha 
samplerTM) was evaluated through these experiments.  
Duplicate experiments were performed at both sampling targets, taking the ambiguity in the 
two different sample protocols into account. The sampling protocol for KVA specifies a week 
for extraction of a sample once a month, while the SVA sampling target is sampled twice a 
week. The duplicates at KVA were randomly spaced between one and six days, while the SVA 
duplicates were collected in direct repetition during the same sampling round, to reflect the 
ambiguity described by the two sampling protocols. Duplicate analysis was applied for the 
primary samples extracted at KVA, to allow for estimation the analytical precision. The 
results showed that the KVA sampling variability was significantly higher than the SVA 
variability for all evaluated parameters. These results indicate that the temporal spacing 
between duplicates has a large impact on the estimated sampling variability. The relative 
measurement variability was below 20% for all analysed parameters at SVA, while the 
majority of parameters at KVA showed measurement variabilities between 30% and 80% 
(alkalinity, conductivity and phosphorus excluded). These results indicate that the 
measurement system variability is acceptable under repeatable conditions, or as described 
by a strictly defined sampling protocol. However, large temporal ambiguity in a sampling 
protocol may lead to excessive measurement variability due to the temporal heterogeneity 
of the stream water. 
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The replication experiments, Figure 28, were aimed at evaluating the current sampling 
procedure as well as the alternative sampling equipment named Aloha samplerTM. The 
results showed a relative sampling variability of less than 20%, indicating acceptable 
sampling performance for both sampling methods for all analysed parameters. The Aloha 
SamplerTM showed slightly higher sampling variability than the current grab sampling 
method, for all parameters except alkalinity. This is likely due to that the Aloha SamplerTM 
covers a larger part of the cross-stream heterogeneity and collects increments during longer 
periods of time than the current method. The reason that this did not increase the 
measurement variability for alkalinity is probably a response to the lower overall variability 
for this parameter, compared to all other analytes.  
Figure 28. Replication experiment of recipient water sampling results in a large number of 
samples for the environmental laboratory (paper IV). 
An important conclusion in this study was that the ambiguity in the sampling protocol will 
have a large effect on the sampling variability and hence needs to be accounted for when 
designing experiments for evaluating measurement system performance. Duplicate and 
replication experiments, designed to fully cover the ambiguity in the sampling protocol, was 
found to be practical and rewarding methods for both initial and regular quality assessment 
of recipient water sampling. To allow for a complete evaluation of the sampling variability, 
representative for all seasonal variations in flow and analyte concentrations, the 
experiments should be applied continuously and regularly over the whole year. 
The recipient water sampling procedures at LKAB were concluded to be acceptable under 
repeatability conditions for both the current sampling procedure and the Aloha SamplerTM. 
However, the temporal ambiguity of routine samples at KVA leads to a measurement 
variability of above 20% for several parameters. A sampling solution, that can account for 
the large temporal heterogeneity of the stream water, is an automated sampler collecting 
time or volume proportional increments to be combined to composite samples for analysis.  
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3.2.3 Process sampling (papers V, VI and VII) 
Paper V, VI and VII of this thesis concern evaluation and optimisation of various 
measurement systems in the mineral processing value chain at LKAB. These studies focus on 
two aspects; i) specific sampling systems where evaluation and improvements have been 
requested or problems have been identified, and ii) the general application of variographic 
characterisation to allow objective analysis and quality assessment of measurement system 
performance. 
Paper V: Evaluation of sampling systems in iron ore concentrating and pelletizing 
processes – Quantification of Total Sampling Error (TSE) vs. process variation 
This study focuses on applying variographic characterisation to a selection of measurement 
systems in the concentrating and pelletizing plants in LKAB iron ore operations in Kiruna. The 
aim was to evaluate the total measurement system variability to form a basis of suggestions 
of possible improvements. A general study objective was also to exemplify the application of 
variography in a mineral processing industry to illustrate the possibilities for improved 
quality control of both process and measurement system variabilities. 
The results from the study showed that the measurement system variability for 
determination of iron grade after primary milling constitutes approximately 80% of the total 
variability for the manual grab sampling method applied. The variogram for iron grade of 
magnetite slurry showed acceptable low nugget-to-sill ratio of 3-5% for the primary shark-fin 
sampler and automated sample preparation and XRF analysis. This low sampling variability 
contradict general TOS understanding as the shark-fin sampler is accompanied with both IDE 
and IEE that normally introduce sampling bias that increase the measurement system 
variability. For some time periods, the measurement system for determination of iron grade 
of magnetite slurry indicated a periodicity of around 8-10h. The source of this specific cyclic 
behaviour could not be identified, but likely reasons are milling fluctuations, changes in 
crude ore, or flushing of the sampling system.  
The manual grab sampling for moisture determination of filtered slurry followed the TOS 
anticipation of high sampling variability due to the significant ISE introduced by the incorrect 
sample extraction. The nugget-to-sill ratio of 60% indicated a non-acceptable precision 
leading to low possibilities for correct control of the filtering process. The linear cross stream 
sampler extracting iron ore pellets for automated size determination showed a nugget-to-sill 
ratio of 25-30%. This could be assessed as slightly high, but as the main reason for this is the 
low overall variability visible in the sill, the measurement system is deemed fit-for-purpose. 
The conclusion from this study was that the large amount of process data readily available, 
enables the application of variographic characterisation at regular intervals in the LKAB 
mineral processing value chain. This allows for quantification of sampling and process 
variability as well as evaluation of measurement system performance. The application of 
empirical studies also proved its purpose as one presented example transgressed 
conventional expectations, in that a shark fin sampler was found to have acceptable nugget-
to-sill ratio. This study supports previous suggestions that significant benefits can be 
obtained by applying variographic characterisation to continuous industrial processes.  
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Paper VI: Improvement of sampling for moisture content analysis in iron ore pellet feed – 
Variographic characterization and on-line IR-analysis 
Paper V deemed the manual grab sampling (belt sampling) for moisture content 
determination of filtered slurry, i.e. iron ore pellet feed in plant 1, as non-representative. As 
a result of this conclusion, an in-depth study was initiated to evaluate alternative 
approaches to optimise the measurement system for moisture content determination. This 
study included further evaluation of the current belt sampling in plant 1, and evaluation of a 
composite spear sampling method applied in LKAB plant 2, an alternative composite filter 
sampling method, Figure 29, as well as on-line Infra-Red (IR) analysis. 
Figure 29. Manual collection of a composite filter sample (paper VI). 
Variographic characterisation was applied to long term process data for the current belt 
sampling method as well as detailed experimental data for both the belt sampling and filter 
sampling methods. The current belt sampling method exhibited a high nugget-to-sill ratio of 
60% for the process data. The variographic experiment for the same sampling method 
showed a variogram which in practical interpretation was considered flat, i.e. the 
measurement system variability covers all process variability visible in the sill. The variogram 
for the experimental filter sampling data showed a nugget-to-sill ratio of 25%, i.e. indicating 
an acceptable relative measurement system variability. The filter sampling method collects 
three full-depth increments from three points of the filter discharge, but not a complete 
cross section of the material. However, the low nugget-to-sill ratio of the variogram indicate 
that the induced IDE and IEE are sufficiently reduced to achieve a fit-for-purpose 
measurement variability. The current spear sampling method and the IR analysis employed 
in plant 2 were also evaluated using variographic characterisation. The results showed that 
both methods exhibit similar nugget effects and sill levels as the filter sampling method 
tested in plant 1. A large advantage of the IR analysis, compared to all other methods, is the 
rapid analytical response. However, non-trivial calibration problems have been encountered, 
meaning that this method is not readily applicable for process control. 
The conclusion of this study was that filter sampling is the preferred method for moisture 
determination as it leads to significantly lower sampling variability and simultaneously 
enable control of individual filters. This is particularly useful for correct adjustments of single 
filters, for example after filter cloth changes, as well as for detection of unexpected shifts or 
problems in individual filters. Recommended further studies include automation of the filter 
sampling method as well as evaluation of IR or other on-line analysis applied to each filter 
separately, to achieve real time analysis as well as process control of individual filters.  
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Paper VII: Total process and measurement system characterization using variography – 
covering the complete ore-to-shipping value chain at LKAB 
Process and quality control in the LKAB mining and processing value chain is based on a 
variety of measurement systems. The objective of the study in paper VII was to evaluate all 
measurement systems throughout the LKAB processing value chain. The aim was to 
decouple measurement variability from true process variability to enable comparison 
between measurement systems and to focus attention where improvements are most 
needed to enable optimisation of measurement system performance at LKAB.  
The overall results showed that the majority of the studied process measurement systems 
exhibit low total variability, indicating stable sampling processes. However, detailed 
inspection did reveal measurement systems in need of improvements. Three out of the 34 
evaluated measurement systems stand out with variograms exhibiting significantly larger 
variabilities than the rest. Two of these three variograms represent sampling of final 
products in the pelletizing plant and at ship loading respectively, with subsequent on-line 
size determination. These two variograms are increasing, with a low nugget-to-sill ratio, 
indicating that the linear cross stream sample extractions and automated sieving analyses 
are fit-for-purpose for describing the large variabilities seen in the pellet size fractions being 
analysed. The third high-sill variogram represent sampling and iron grade analysis of tailings 
in the sorting plant. This variogram was close to flat, with a nugget-to-sill ratio of 70%. For 
more detailed evaluation of this measurement system, a variographic experiment was 
performed with a decreased time-spacing between analyses. The variogram for the 
experimental data showed a nugget-to-sill ratio of 35%, indicating that the ISE associated 
with the manual grab sampling of tailings cannot be adequately reduced with a smaller 
sampling interval. As the iron grade analysis of tailings is a critical measurement for assessing 
the performance of magnetic separation in the sorting plant, this measurement system is 
prioritised for improvements. A pilot study was therefore initiated to evaluate the possibility 
of using on-line PFTNA technique to increase the measurement system performance.  
The study in paper VII also showed medium-sill variograms with significantly different 
appearances. For example, the 4h analysis of KH45 of green pellets showed a nearly flat 
variogram, the 24h silica grade analysis of iron ore pellets showed a continuously increasing 
variogram, Figure 30, and size determination of iron ore pellets showed an increasing 
variogram levelling off at the range of 12 hours for 5-9mm, while the variogram for 12.5-
16mm is indicating a periodicity, Figure 30.  
The results from this study clearly showed the strength of empirical evaluations. Some 
results supported general TOS knowledge, e.g. that cross belt hammer samplers and manual 
grab sampling introduce significant sampling errors that inflate the measurement variability. 
However, the study also identified both shark fin samplers and spear samplers (i.e. TOS-
incorrect sample extraction methods) with sufficiently low nugget-to-sill ratios to be 
validated and deemed fit-for-purpose. These results indicate that the sampled material is 
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sufficiently uniform and that the ISE accompanying the shark fin and spear samplers were 
not excessively affecting the measurement variability. 
A general conclusion presented by paper VII was that to enable continuous measurement 
system monitoring with the use of variographic characterisation, automated data collection 
and variogram generation is essential. Variographic characterisation was shown to reveal 
important information regarding the representativity of the employed measurement 
systems and the possibility for continuous quality control of these system is a desirable 
improvement compared to the current visual inspections. The calculation of variograms 
enable objective evaluations, allowing rational prioritisation of where measurement system 
improvements can have the largest cost-benefit effect.  
Figure 30. Two examples of the medium-sill variograms presented in paper VII.  
Summary of process sampling 
The application of variographic characterisation to available process data is a powerful tool 
for decomposition of variabilities stemming from the measurement system and the process 
respectively. This PhD study has shown that variography is able to characterise the 
performance of measurement systems in all parts of an iron ore processing value chain. It is 
readily applicable to the abundant existing process data and has the ability to reveal 
additional information if applied to specific high-resolution experimental data. However, to 
reach the full potential of variographic characterisation, automated data collection and 
variogram calculation is required. This would allow for continuous control of measurement 
systems, similar to process control charts, which are updated in real time. 
One of the most valuable contributions of variography is the possibility for empirical 
evaluation and factual based assessment of measurement system. This is an important 
addition to the expertise of research and process engineers, to enable objective evaluations 
and conclusions regarding the performance of measurement systems. There is a need for 
numerical evidence to allow for correct prioritisation and decision making regarding 
measurement system improvements as well as quantification of the improved level of 
variability with an exchanged measurement system.  
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3.3 General conclusions and discussion 
Representative sampling processes are essential for controlling iron ore mining and minerals 
processing operations efficiently. The representativity of samples and measurements is 
crucial for operators and engineers to be able to optimise process performance and to reach 
correct quality of final products. Reliable measurements are important for precise process 
control and to achieve both high productivity and low energy consumption. Furthermore, 
representative sampling processes are a critical requirement to ensure that results from pre-
feasibility studies are valid and thereby lead to correct decisions. 
This study concludes that there is no single general best practice for open pit mine drill 
sampling that can be consider superior in all applications. The results rather indicate that the 
representativity of a particular sampling approach is strongly related to local ore 
characteristics, heterogeneity, mineralogy and to the current mining conditions. This means 
that empirical pilot studies of the specific ore heterogeneity in the open pit to be sampled is 
essential to determine appropriate drill sampling methods and conditions in each case. The 
empirical results from the present studies indicate that manual BH sampling is locally fit-for-
purpose for blending in to the primary crushers in the studied Leveäniemi open pit mine. 
RC sampling is able to lower the variability stemming from the sampling process, but the 
increased precision was not deemed to outweigh the considerable extra drilling costs and 
the additional resources needed for sample handling, preparation and analysis. 
Variographic characterisation of measurement systems has been applied to several sampling 
targets in the LKAB mining and processing value chain. This study concludes that variograms 
provide valuable information about several different sampling situations, both in open pit 
mine drill sampling and in process sampling. For further, in depth evaluation, high resolution 
variographic experiments extracting samples with smaller spacing than normal procedures, 
can be applied advantageously to specific measurement systems. Replication and duplicate 
experiments have also been shown to render important information about measurement 
system performance. These methods are especially useful in situations where variography is 
not applicable due to for example restricted data availability. However, to allow correct 
evaluation and facilitate valid conclusions from sampling experiments, it is important to 
cover all temporal or special heterogeneity aspects in the process and sampling targets 
under evaluation. One of the most important benefits with all three experimental methods 
is the possibility for objective evaluation of measurement system performance. Traditionally, 
evaluation of sampling systems relies on visual inspection as well as engineering knowledge 
and assumptions, rather than empirical analysis. The possibility to use historical and on-line 
process data and/or specific experiments for variogram calculation, and hence 
discrimination of variability contributions, is valuable to allow for correct decision making 
based on numerical evidence. This is valued by process and research engineers as it allows 
for impartial evaluation of the performance of sampling systems, which is required for 
justifying investments related to improvement or replacement of, for example costly primary 
sample extraction methods and/or equipment.  
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The application of variographic characterisation has been shown to provide reliable, 
objective and transparent conclusions in the evaluation of measurement system 
performance in iron ore operations. However, manual variogram data collection and manual 
variogram calculation involves an extensive effort for e.g. data acquisition and handling of 
missing data. Therefore, this study concludes that to enable comprehensive and continuous 
measurement system evaluation through the entire process value chain, automated data 
collection together with automated variogram calculations would be required. This could for 
example be arranged so that variograms and variogram characteristics are updated regularly 
and presented in suitable control charts. By establishing a target level for the variogram 
characteristics, changes in process and/or measurement variabilities could be identified 
through the application of standard control limit approaches.  
This PhD study has clearly shown that the application of empirical studies is rewarding in 
order to determine the performance of a given measurement system implementation. 
Conventional wisdom and general conclusions can only tell so much about which methods 
are appropriate or fit-for-purpose in specific, local contexts. Thus, the final verdict of how 
well a measurement system is able to perform can only be made after empirical evaluation 
of the system in its implemented situation and applied to the lot material that it is routinely 
used for. This study has several times shown results that contradict conventional TOS 
expectations. Both manual BH sampling and shark fin slurry sampling has for example been 
proven to have low nugget-to-sill ratios, i.e. low relative measurement system variability, 
leading to acceptable sample precision. Simultaneously, other empirical studies have 
supported general TOS conclusions, for example regarding cross belt (hammer) samplers and 
manual grab sampling as being non-representative. In summary, each measurement system 
and sampling approach need to be evaluated on its own merits, preferable with appropriate 
empirical methods as for example variographic characterisation, duplicate or replication 
experiments, to allow objective assessment of its performance.  
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3.4 Future work 
This study has evaluated a large number of industrial measurement systems in LKAB iron ore 
operations in northern Sweden. The results regarding accuracy and precision have been 
varied and various conclusions, partly surprising and partly as-expected, have been reached. 
A series of recommendations have been presented in the appended papers and some pilot 
studies have already been initiated. 
Examples of specific recommendations for future studies include:  
i) Application of automated BH sampling equipment connected before the dust collector 
cyclone on the D65 drill rig used for BH drilling in LKAB open pit mines.  
ii) Empirical heterogeneity characterisation of ore deposits to enable correct selection of 
appropriate drill sampling methods and parameters.  
iii) Regular duplicate or replication experiments of recipient water sampling, taking the 
ambiguity in the sampling protocol into account.  
iv) Implementation of recipient water sampling protocols and/or automated sampling that 
counteracts the temporal stream water heterogeneity.  
v) Automation of filter sampling method for moisture content determination of iron ore 
pellet feed.  
vi) Improvements of the IR-analysis for moisture content determination of iron ore pellet 
feed to reduce the calibration problems currently encountered.  
vii) Use of a recirculating system for sampling of the fine fraction after primary milling in the 
concentration plant.  
viii) Implementation of a continuous variographic characterisation facility to allow for 
comprehensive quality control regimes for all important measurement systems. 
For some of the sampling systems evaluated in this study, further pilot studies have been 
initiated to implement new measurement systems that are able to improve accuracy and/or 
precision. One example is the iron grade of both incoming ore and tailings in the sorting 
plant, where the pilot study involves PFTNA technology that use neutron activation to excite 
the atoms of the material. The gamma rays from the excited atoms are detected and used to 
quantify the elemental content of the material. Furthermore, a study where the aim is to use 
machine learning to predict the moisture content of iron ore pellet feed, based on the 
abundant availability of various process data, has been initiated. Another possibility to 
improve this measurement system could be to apply image analysis of the filter cake to 
predict the moisture content of each separate filter. These are interesting potentials for new 
involvement of chemometrics and advanced IT approaches. 
One of the most important recommendations for further research and development 
concerns an automated software/system for data acquisition and variogram calculation. To 
enable continuous quality control of the performance of measurement systems through the 
use of variographic characterisation, manual data logging or extraction for calculation of 
variograms is not possible in a large processing industry as LKAB. Automated generation of 
variograms, with features such as effective handling of large data sets and a rational 
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approach to define, detect and resolve issues regarding missing data and outliers, together 
with determined target values and tolerance limits for variogram characteristics, would 
make comprehensive and real-time assessment of measurement systems throughout the 
entire processing value chain possible. Furthermore, to allow for valid and rapid detection of 
deviations in process or measurement system variability, investigation and development of 
methods for statistical weighting of data in relation to age could be of significant interest.  
As a complement to the variographic approach applied on traditional (sample and analysis) 
measurement systems, it would be favourable to also incorporate other process data, e.g. 
flows, temperatures, tank levels, pressure and power consumption into a measurement 
monitoring system. This would give more comprehensive data input and hence a possibility 
for faster detection of deviations in the process or measurement system variability, as each 
measured value can be compared to overall and historical process behaviours. By identifying 
and modelling patterns for expected measurement results under normal operating 
conditions, it should be possible to detect significant measurement and/or process 
deviations (true outliers) and enable identification and statistical estimation of the most 
probable root causes. In order to achieve a generic method and reduce manual calculations, 
modern machine learning methods could possibly be of interest. 
The aim of the recommended further research is to optimise the quality of measurement 
data presented to mine geologists, mine planners, process engineers, plant operators and 
research engineers, for improved process monitoring and decision making. This is essential 
to allow for optimal control of all processes in the mining and processing value chain, as well 
as reaping the full potential and reach valid conclusions from feasibility studies and 
dedicated research projects. There is a significant carry-over potential from the present 
scope and results to several other process industry sectors. The present, as well as future 
results from the scope of investigations started with this thesis, will be presented at 
designated international conferences and published in appropriate scientific journals.     
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